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 Cytokinesis is the final step in cell division, culminating in the formation of two 
daughter cells from a single mother cell. Previous studies from our lab have shown that 
lipid rafts are dynamic during cytokinesis in sea urchin embryos, migrating into the 
ingressing cleavage furrow then moving back outwards towards the poles prior to 
abscission. Here, I quantitated the mobility of GM1, a ganglioside enriched in lipid rafts, 
using cholera toxin subunit B (CTB). Despite previous observations of raft movement 
during cell division, I have found lipid rafts to be immobile throughout the cell cycle. 
Lipid raft stability is dependent on the activity of myosin light chain kinase (MLCK), 
most likely due to the dramatic reorganization of actin filaments upon MLCK inhibition. 
While further investigating the immobility of lipid rafts during cytokinesis using confocal 
microscopy, I have found that new membrane is added to the cell poles during anaphase, 
causing the plasma membrane to expand coincident with the constriction of the 
contractile ring. This membrane addition is dependent on actin and astral microtubules 
and occurs significantly earlier during mitosis than membrane addition at the furrow. The 
membrane that is added at the polar regions is compositionally distinct from the original 
cell membrane in that it is devoid of GM1, a component of lipid rafts.  I also found that 
Rab11 vesicles are trafficked to the polar plasma membrane during the time of this new 
membrane event, suggesting that the growth of the plasma membrane at the cell poles 
during cell division is not due to stretching as previously thought, but due to the addition 
of new membrane through exocytosis.  
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Chapter 1. Introduction: The Mechanics of Cytokinesis 
 
1.1 Under the Microscope: A Short History of Cell Biology 
 
“The function of the microscope is not like that of so many other scientific instruments 
because its operation is open ended, its purpose is to take the faculty of sight into a 
completely new world, one where man has laboriously to find his bearings” 
– Gerard L'Estrange Turner 
 
The study of mitosis and cytokinesis has interested scientists since the late 19th 
century. Advances in microscopy led the way for more advanced investigations into the 
structures and functions of cells. The early 17th century saw the invention of the 
compound microscope, consisting two or more lenses, an objective, and usually a single 
eyepiece. This technology made Robert Hooke’s observations of cork samples possible, 
leading to the coining of the term “cell” for the vacuole-like spaces he observed. The 
small size and ornate craftsmanship of early microscopes made microscopy a favored 
hobby of the wealthy in the 18th century, which enabled people without formal training to 
begin enhancing the technology and make new discoveries (Turner, 1980). Joseph 
Jackson Lister, a wine maker from Essex, England, designed a new type of objective for 
the compound microscope allowing for the clearer visualization of semi-transparent 
samples (Lister, 1830). This technology was commissioned and used by Thomas 
Hodgkin for the first description and measurements of red blood cells in 1827 (Hodgkin 
and Lister, 1827). Due mostly to the inventions of Lister, the resolution capabilities of 
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microscopes increased dramatically, from about 1µm to 0.28µm, between 1830 and 1870 
(Turner, 1980). In addition, the creation of the micrometer by Friedrich Adolph Nobert in 
the mid 1840s and the invention of water and oil immersion lenses aided scientists in 
pushing the limits of resolution and moved the developments of new microscopic 
technologies ahead (Turner, 1980; Nobert, 1846). These advances led to the first 
observation of a bacterium, Bacillus anthracis in 1850 and virus, cowpox, in 1887. 
Interestingly, the field of microscopy still remained stifled due to the fact that all 
observations had to be described in papers by words alone or drawn by the hand of 
skilled artist. While there are some notable scientists who were very talented in the 
artistic realm, the majority of drawings were done by commissioned artists who were not 
familiar with the workings of the microscope. This was a cause of distress for some 
scientists who lamented their inability to convey their findings accurately. The field of 
photography soon caught up, however, and the first photographic image published in a 
journal occurred in 1853 (Turner, 1980). However, hand drawings remained common 
even through the mid 20th century (see Figure 3.1.1 for an example).  
The next big advancement in microscopy came in 1911 with the advent of the first 
fluorescence microscope (Heimstädt, 1911). This technology was expanded from the UV 
microscope, which was first developed to gain higher resolution in photographic images 
(Rusk, 2009). The fluorescence microscope allowed for the observation of 
autofluorescence in different cell types prior to the use of fluorophores. The conjugation 
of a fluorophore to antibodies for immunofluorescence assays did not occur until 1941, 
when Albert H. Coons linked an antibody to a fluorescent molecule and showed that the 
antibody maintained its native binding properties (Coons, et al., 1941). This ushered in a 
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new wave of research as scientists were now able to link any antibody to a fluorescent 
molecule and observe its localization in fixed samples, encouraging Coons to call it “the 
hour of the fluorescent antibody” (Coons, 1961). Unfortunately, live cell imaging of 
fluorescently-labeled proteins remained elusive, making it impossible to view protein 
movement and localization in real time. The first step to overcoming this hurdle was the 
purification of green fluorescent protein (GFP) in 1962 (Shimomura, et al., 1962). 
However, it wasn’t for another 30 years before the potential of GFP would be realized. In 
1994, Martin Chalfie and colleagues discovered that GFP was able to be expressed in live 
Escherichia coli cells as well as in the neurons of Caenorhabditis elegans without 
adverse effects to the organism (Chalfie, et al., 1994). Now, researchers would be able to 
observe their proteins of interest in live cells and in real time, allowing for detailed 
categorization of protein expression and localization.  
Since the discovery of GFP, a multitude of other GFP-derived fluorescent 
molecules have been discovered or created. These allow for the observation of multiple 
proteins or molecules within a single cell. Naturally, this has led to enormous advances in 
our knowledge of the cell cycle and cytokinesis. While it had been known for over 100 
years that eukaryotic cells divided by the formation of a cleavage furrow, it wasn’t until 
the 1990s when (Mabuchi, 1994; Sanger, et al., 1990) fluorescently-tagged proteins were 
utilized in live cells that the acto-myosin contractile ring was described (Mabuchi, 1994; 
Sanger, et al., 1990; Mabuchi, 1990). Further advances in technology and microscopy led 
to the development of techniques such as fluorescence recovery after photobleaching 
(FRAP) and Fluorescence resonance energy transfer (FRET), which allow for the 
investigation of the mobility and interaction of molecules within live cells (Koppel, et al., 
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1976; Edidin, et al., 1976; Stryer, 1978). These techniques have led to a better 
understanding of the molecular and mechanical processes behind cell division (for a 
comprehensive review see (Eggert, et al., 2006; Rappaport, 1996). Despite the progress 
that has been made in understanding mitosis and cytokinesis over the past 50 years, many 
questions still remain. While many theories regarding how a mother cell successfully 
divides into two daughter cells have been proposed, two competing theories remain 
today: polar relaxation and equatorial stimulation. Here, I present the conflicting data 
supporting or disproving these theories, representing the fact that the study of cytokinesis 
remains an open and exciting field of study.  
 
1.2. Models of Cell Division 
1.2.1. Polar Relaxation 
 The polar relaxation theory proposes that a decrease in tension at the cell pole 
during cytokinesis increases the relative tension at the equator, thus causing the formation 
of a cleavage furrow (Figure 1.2.1A)  (Burgess and Chang, 2005). This theory is 
attributed to Lewis Wolpert (Wolpert, 1960), however the idea of polar tension being 
essential to cytokinesis dates back to the early 1900s. Lillie (1903) proposed that the 
spindle fibers observed in dividing cells, which we now know are microtubules, are 
similar to “the electrical and magnetic lines of force” (Lillie, 1903). Therefore, he 
concluded that these lines deliver a change in electrical charge to the polar surfaces 
resulting in a regional decrease of surface tension, which leads to the formation of a 
furrow.  Further experimentation with oil droplets confirmed the idea that a decrease in 
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surface tension at the edges of a sphere were sufficient to cause the droplet to divide into 
two, reproducing the events observed during the division of amoeba (McClendon, 1912).  
 Swann and Mitchison (1958) used the expanding membrane theory (see Chapter 
3) to enhance their hypothesis of polar relaxation. They believed that a substance 
(referred to as X-substance) was released from the chromosomes at the end of anaphase, 
after the spindles have moved apart to opposite ends of the cell. As such, this substance 
would come into contact with the polar cell surface first, causing membrane relaxation in 
this region (Figure 1.2.2a). This relaxation leads to the elongation of the cell and further 
diffusion of the X-substance at the subfurrow region (Figure 1.2.2b). This expansion of 
the polar and subfurrow membrane causes the equator to buckle, forming a furrow which 
is then passively pushed inward to complete cytokinesis (Figure 1.2.2c and d)  (Swann 
and Mitchison, 1958). 
 The theory of polar relaxation as it is known today was first proposed by Wolpert 
in 1960, and consists of three main parts (Wolpert, 1960). The first is that the cell 
membrane has a uniform tension before beginning the process of cell division. Second, 
that relaxation of the cell poles causes a stretching of the polar membrane, which causes 
the cleavage furrow to ingress. The third and final part of the theory states that these 
areas of relaxation are determined prior to the formation of a furrow and are delineated 
by the areas nearest to the astral microtubules (Wolpert, 1960). His theory was by no 
means novel, as it combined the tenets of multiple previous theories; however, Wolpert’s 
proposal gave polar relaxation a theoretical structure, which would be built upon and 
tested over the next fifty years.  
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 The most straight forward way of testing the polar relaxation theory was to test 
the amount of tension at the pole and the equator during cell division. While this seems 
simple enough, the mechanics and method of measurement are more complicated than 
one would imagine. Schroeder (1981) (Schroeder, 1981) tackled this problem using the 
compression of sea urchin embryos under a glass plate. This plate would move up or 
down as the cortical tension increased or decreased during the cell cycle and the resulting 
change in tension could be calculated (Schroeder, 1981; Yoneda, 1973). Schroeder 
discovered that prior to nuclear envelope breakdown, tension across the whole cell began 
to increase. This level of tension peaked during anaphase, increasing to about 3.5 times 
its resting tension (Schroeder, 1981). Since there was no increase in surface tension 
during furrowing, Schroeder proposed that these results support the polar relaxation 
theory: at the end of anaphase, just prior to the formation of the cleavage furrow, the 
asters nearest to the cortex (which are located at the cell poles) cause the polar cell cortex 
to relax (Schroeder, 1981). This relaxation causes the equatorial cortex to have a higher 
tension than the polar cortex, thus forcing the equator cell surface to furrow. While these 
data do support the polar relaxation theory, more specific and localized tension 
measurements were needed. This task was taken on by Ohtsubo and Hiramoto (1985) 
(Ohtsubo and Hiramoto, 1985), who measured the stiffness, or tension, of the cell surface 
(including both the plasma membrane and underlying cell cortex) in sea urchin and 
starfish embryos using elastimetry (Figure 1.2.3A and B). This method allows for the 
measurement of surface stiffness at localized regions, in this case the cell pole and cell 
equator. An increase in both polar and equatorial stiffness was observed before the onset 
of cleavage, presumably during anaphase (Figure 1.2.3C) (Ohtsubo and Hiramoto, 1985). 
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Interestingly, the stiffness at the cell pole decreased just before the formation of the 
cleavage furrow (Figure 1.2.3C, a), while the stiffness at the cell equator remains high 
until the cleavage furrow invaginated too far for precise measurements to be maintained 
(Figure 1.2.3C, b) (Ohtsubo and Hiramoto, 1985). While the authors do not mention polar 
relaxation or equatorial stimulation, their findings are consistent with the hypothesis that 
the polar cell surface relaxes causing the tension at the equator to be higher than that at 
the poles, leading to the formation of an equatorial furrow and cytokinesis.  
 More recent advances in cell biology, including the advent of small molecule 
inhibitors and the ability to view proteins and molecules in live cells using confocal 
microscopy and fluorescent labeling, have led to further evidence for the polar relaxation 
theory. The most convincing evidence is the formation of ectopic furrows in C. elegans 
embryos upon treatment with nocodazole, a microtubule depolymerizing agent, or the 
failure to inhibit the microtubule severing protein katanin (Kurz, et al., 2002; Dechant 
and Glotzer, 2003). Similar results have also been observed in rat kidney epithelial cells, 
where treatment with nocodazole led to the formation of random pseudocleavages at the 
onset of anaphase (Canman, et al., 2000). These results show that inhibiting the contact of 
microtubules with the cell cortex leads to extraneous contractile events, suggesting that 
microtubules relay a signal that relaxes in the cell cortex during normal cell division. In 
addition, the number of microtubules contacting the cell cortex at the cell pole and 
equator has been quantified both experimentally and by computer modeling. The findings 
were consistent and showed that there are more microtubules coming in contact with the 
cell cortex at the poles compared to the equator during the early stages of cell division, 
prior to furrow ingression (Dechant and Glotzer, 2003; Asnes and Schroeder, 1979; 
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Yoshigaki, 2003; White and Borisy, 1983). These results suggest that the more numerous 
astral microtubules convey a stronger signal to the polar cell cortex, which prevents it 
from contracting. This signal may also be brought to the equatorial cell cortex, but due to 
the fewer number of microtubules, the signal is not potent enough to decrease tension at 
the furrow site.  
 While there is strong evidence for polar relaxation, there are multiple 
experimental results that disprove this theory as the main driving force of furrow 
formation. These results will be discussed in the next section.  
 
1.2.2. Equatorial Stimulation 
 Contrary to polar relaxation, the equatorial stimulation model states that the 
microtubule asters are responsible for delivering a contractile signal to the equatorial 
region leading to furrow formation (Figure 1.2.1B) (Burgess and Chang, 2005). This 
theory began with the idea that the farther a signal had to travel from the center of the 
cell, the weaker that signal would become and the observation of a thickening of the cell 
surface at the of tip of the ingressing furrow (Rappaport, 1996; Butschli, 1876; Ziegler, 
1898). These parameters suggested that there was a special property of the cell surface at 
the ingressing furrow that made it thicker and more contractile than the rest of the cell 
(Rappaport, 1996; Ziegler, 1898). Since a signal coming from the spindles or 
chromosomes at the center of the cell would have to travel farther to reach the polar 
regions, the equator would receive a stronger tension increasing signal leading to furrow 
formation (Rappaport, 1996; Butschli, 1876). The idea that it was an equatorial signal, 
not a polar signal, which leads to cytokinesis was supported by the finding that removal 
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of the polar regions by microdissection did not inhibit the successful completion of 
cytokinesis (Scott, 1960). These observations paved the way for the seminal equatorial 
stimulation papers published between 1960 and 2000. 
 The theory of equatorial stimulation was tested extensively over more than 30 
years by the classic experiments of Ray Rappaport. In his most famous experiment, 
Rappaport (1961) (Rappaport, 1961) moved the mitotic apparatus (MA) of a sand dollar 
embryo to one side of the cell by pushing a glass ball through the center of the cell 
(Figure 1.2.4A). A furrow formed only on the side of the cell closest to the MA, forming 
a binucleate U or horseshoe shaped cell (Figure 1.2.4B). During the next cell division, 
asters formed at either end of the U, and cytokinesis successfully completed between the 
MAs as would be expected in normal division. Interestingly, another furrow, now called a 
“Rappaport furrow”, formed at the bottom of the horseshoe, between the polar asters of 
the MAs (Figure 1.2.4C, arrows), showing that a spindle is not necessary for the 
formation of a cleavage furrow. This led to the formation of four mononucleate 
blastomeres, as would be expected if the overlapping asters were providing a contractile 
signal to the cell surface (Figure 1.2.4D) (Rappaport, 1961). These findings are 
inconsistent with the idea of polar relaxation, as only one side of each MA reached a 
polar cell surface and the other side, which should be relaying a signal to decrease 
tension, is instead the site of furrow formation. Further evidence that astral contact at the 
polar surface is not necessary for cell division came from Rappaport’s experiments with 
elongated cylindrical cells. Sucking echinoderm embryos in glass pipets caused the cells 
to stretch, making it impossible for the polar astral microtubules to contact the cell 
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surface (Rappaport Jr, 1960). These cells divided normally, suggesting that it is not a 
polar, but an equatorial signal that stimulates furrow formation (Rappaport Jr, 1960).  
 Related studies show that the distance between the cell surface and the MA 
determines the location and speed of furrow formation (Rappaport, 1961; Rappaport and 
Conrad, 1963; Kawamura, 1960; Rappaport, 1982). Experiments using centrifugation and 
micromanipulation of echinoderm embryos (Rappaport, 1961; Rappaport and Conrad, 
1963) and grasshopper neuroblasts (Kawamura, 1960) showed that the closer the MA is 
to the equatorial cell surface, the faster the furrow on that side ingresses. In addition, 
movement of the MA towards one of the cell poles leads to furrow formation between the 
two spindles, not in the center of the cell as is observed in normal control cells 
(Rappaport, 1961; Kawamura, 1960; Rappaport, 1985). Since the placement of the 
furrow appears to depend on the location of the MA, these results are consistent with the 
theory that the equatorial astral microtubules are responsible for the delivery of a furrow-
inducing signal to the cell equator.  
 The remaining question for both the polar relaxation and equatorial stimulation 
models is: how do seemingly identical asters relay a signal to solely one cortical area? 
Recent evidence suggest that not all astral microtubules are created equal. While there 
appears to be fewer astral microtubules at the equator (Dechant and Glotzer, 2003; Asnes 
and Schroeder, 1979; Yoshigaki, 2003; White and Borisy, 1983), these microtubules are 
more stable than those at the cell pole (Canman, et al., 2003). The fact that astral 
microtubules do not form stable contacts with the polar cell cortex is inconsistent with the 
hypothesis of polar relaxation (Canman, et al., 2003). On the other hand, equatorial astral 
microtubules are twice as stable as the dynamic polar microtubules leading to the 
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possibility that they are responsible for signaling furrow formation and ring constriction 
(Canman, et al., 2003).  
 
1.2.3. Conclusions 
 The mechanisms of cell division have been intriguing scientists for over 150 
years. While there appears to be no clear answer as to how cells determine the cleavage 
plane, what has become apparent is the complexity and redundant nature of this process. 
The use of echinoderm embryos for the study of cell division has been indispensable (for 
review see (Ernst, 2011). These cells were especially useful for the studies of the MA 
prior to fluorescent imaging and confocal microscopy as the cells are optically clear, 
allowing scientists to observe the MA using only transmitted light microscopy. The cells 
of these embryos are large (75-150µm) when compared to the average mammalian cell in 
culture (15-20µm), which makes the events of cell division, such as spindle elongation, 
microtubule dynamics and cleavage furrow formation, easier to observe. Another 
advantage to using echinoderm embryos is that they remain spherical throughout the cell 
cycle, unlike most mammalian tissue culture cells which round up prior to cell division. 
This allows investigators to isolate the events of cytokinesis from those involved in cell 
shape changes. Even though modern technology in the fields of microscopy and 
molecular biology allow for clearer observation of cell processes in mammalian cells, the 
lessons learned from years of research on echinoderm embryos remain important today.  
 Many of the seemingly contradictory results come from experiments performed in 
different cell types, showing that not all cell types divide in the same manner. Current 
theories on the positioning of cytokinesis involve the combination of the polar relaxation 
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and equatorial stimulation models, as well as molecular cues from the spindle midzone 
and kinetochores. We now know that the contraction of the plasma membrane at the 
equator during cytokinesis is due to the presence of a contractile ring composed of actin 
filaments and nonmuscle myosin II (Mabuchi, 1994; Sanger, et al., 1990; Mabuchi, 
1990), however the recruitment of these proteins and the regulation of ring constriction 
remains elusive. Since the introduction of fluorescently tagged molecules into living cells 
has become available, the study of cytokinesis has been focused on the proteins involved 
in the successful completion of cell division (see Chapter 1.3). The understanding of the 
forces behind mitosis and cytokinesis remains critical, as this knowledge will lead to 
more targeted treatments to diseases such as cancer, which are caused by aberrant cell 
division. 
  
1.3. Membrane Trafficking During Cytokinesis 
1.3.1. Introduction 
 Cytokinesis is the final step of the cell cycle resulting in the formation of two 
daughter cells. Successful completion of cytokinesis is dependent on a number of 
processes including separation of the sister chromatids, formation and constriction of the 
actomyosin contractile ring, and abscission of the plasma membrane. Over the past two 
decades, membrane trafficking has also been discovered to play an essential role in the 
completion of cytokinesis. The goal of this review is to provide a general overview of the 
roles of membrane trafficking, and key regulatory proteins, in this last event of animal 
cell cytokinesis.  The final act in the separation of the two daughter cells, abscission, is 
well addressed in a new comprehensive review (Schiel and Prekeris, 2010). 
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 Vesicle-mediated membrane trafficking to the plasma membrane occurs via two 
main pathways: the recycling endosome pathway and the secretory pathway (reviewed in 
detail elsewhere (Mukherjee, et al., 1997; Storrie and Nilsson, 2002). The endocytic 
pathway begins with vesicle budding at the plasma membrane. Endocytosed vesicles are 
then transported to the early endosome where they are returned to the plasma membrane 
either by way of the recycling endosome (RE), or brought to the lysosome for 
degradation by the late endosome. The secretory pathway, on the other hand, begins at 
the endoplasmic reticulum (ER), where vesicles are transported to the Golgi apparatus for 
sorting before being shuttled to the plasma membrane. Membrane trafficking by way of 
both of these pathways has been shown to be pivotal in cytokinesis. 
 It has long been known that membrane trafficking plays a dominant role in cell 
division of plant cells. During division, these cells form a structure termed the 
phragmoplast at the division plane. The phragmoplast is made up of actin and 
microtubules, and forms a framework for vesicle delivery to the site of cell division. The 
vesicles then fuse at the center of the two daughter cells, forming a cell plate, which then 
grows outwards along the division plane until final fusion events at the plasma membrane 
complete cytokinesis (for a comprehensive Review see (Van Damme, et al., 2008). 
 The role of vesicle trafficking during cytokinesis in animal cells is not as well 
understood. Current research has suggested that, as in plants, both the endocytic and 
secretory pathways play an essential role in the successful completion of cytokinesis. A 
comprehensive review of this subject was presented in 2005 (Albertson, et al., 2005). 
Here we present an updated look at recent work in the field of membrane trafficking 
during cytokinesis and discuss questions remaining in this field.  
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1.3.2. The Scenic Route: Recycling Endosome Pathway 
 In 2004, Skop, et al. performed a comprehensive proteomics-based analysis of 
proteins involved in cytokinesis. In order to investigate the final stage of mitosis, the 
researchers isolated midbodies from Chinese hamster ovary (CHO) cells, and analyzed 
the associated proteins by tandem liquid chromatography and tandem mass spectrometry. 
Interestingly, the results showed that the largest category of protein identified with the 
midbody were those involved in membrane trafficking or secretion; of the 160 proteins 
deemed as candidates for involvement in cytokinesis, 33% were of this category (Skop, et 
al., 2004).  
 Among the proteins investigated, RAB GDI was found to localize to the midbody 
in HeLa cells using immunofluorescence. RAB GDI is a member of the GDP-
dissociation inhibitor family of proteins that are involved in the maintenance of RAB in 
its inactive, GDP-bound state. This function leads to the recycling of RAB proteins from 
a membrane-bound state to the cytosol (Ullrich, et al., 1993). RNAi experiments in C. 
elegans show that loss-of-function of RAB GDI leads to defects in both the early and late 
stages of cytokinesis. Loss of function in germline cytokinesis also leads to sterility and 
embryonic lethality (Skop, et al., 2004). Studies on the localization and function of RAB 
GDI have illuminated a role for the involvement of recycling Rab proteins in the 
completion of cytokinesis.  
 Another protein identified in the proteomic screen was RACK-1, a widely 
conserved receptor for activated protein kinase C (Won, et al., 2001). Loss-of-function 
studies using RNAi for the C. elegans homologue of RACK-1 showed defects in the late 
stages of cytokinesis, embryonic lethality, and sterility (Skop, et al., 2004). During 
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further investigation of the role RACK-1 plays in cytokinesis, Ai, et al. (2009) found that 
defects seen in the membranes of rack-1(RNAi) worms were similar to the phenotype 
seen in mutant rab11, a small GTPase, and Nuclear-fallout (nuf), a homologue of the 
mammalian FIP3 Rab11 effector, in Drosophila embryos (Rothwell, et al., 1999). Rab11 
is a small GTPase that colocalizes with transferrin and is used as a marker of the 
recycling endosome (Ullrich, et al., 1996). Following this finding, the number of Rab11 
vesicles was found to be significantly decreased in rack-1(RNAi) C. elegans embryos (Ai, 
et al., 2009). In addition, through the use of a yeast two-hybrid screen, it was discovered 
that RACK-1 interacts with the p50/dynamitin subunit of dynactin, and further analysis 
revealed that RACK-1 is necessary for proper localization of DNC-2 (Dynactin Complex 
component) (Ai, et al., 2009). Collectively, this evidence supports a model where RACK-
1 and its interaction with dynactin play a central role in the maintenance of recycling 
endosomes at the centrosomes. Upon disruption of RACK-1, recycling endosomes are 
not properly delivered to or retained at the cleavage furrow, leading to disruption in 
furrow ingressions and a failure of cytokinesis (Ai, et al., 2009).   
 Studies have shown that Rab11 is necessary for proper furrow ingression during 
Drosophila cellularization and in the C. elegans embryo (Skop, et al., 2004; Pelissier, et 
al., 2003; Riggs, et al., 2003). The study of Rab11 and the role of the recycling endosome 
during cytokinesis were further explored in mammalian cells. In HeLa cells, Rab11 
colocalizes with transferrin to the midbody as well as the ingressing furrow during 
telophase (Wilson, et al., 2005). Using fluorescence resonance energy transfer (FRET), 
FIP3, a Rab11 effector, was found to be in complex with Rab11 at the cleavage furrow.  
Interference with either Rab11 or FIP3 via siRNA led to an increase in binucleate cells as 
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well as daughter cells that retained cytoplasmic bridges (Wilson, et al., 2005). These data 
suggest that in mammalian cells, as in cells from other model organisms, the recycling 
endosome plays an essential role in the successful completion of cytokinesis.  
 Further work by Giansanti, et al. (2007), found that Drosophila spermatocyte 
Rab11 mutants exhibit not only defects in furrow ingression, but also in the actomyosin 
ring. In these mutants, the actomyosin contractile ring forms normally during early 
telophase, however, the ring shows defects in density and either fails to contract or 
disassembles during the later stages of telophase (Giansanti, et al., 2007). Another 
component of the cytoskeleton, microtubules (MTs) have been shown to be necessary for 
the maintenance of Rab11 localization at the microtubule-organizing center (MTOC) 
during cellularization of the Drosophila embryos (Riggs, et al., 2007).  
     Are the defects seen in Rab11 mutants due to a failure in targeting or in fusion of 
vesicles at the cleavage furrow? Current studies seem to indicate that both of these 
processes are controlled by Rab11. The mislocalization of Rab11 from the cleavage 
furrow to the cytoplasm in Rab11 mutants is seen across a variety of different species, 
supporting the hypothesis that the delivery of vesicles to the furrow is Rab11 dependant. 
Additional data have demonstrated that vesicles accumulate as punctate structures in the 
absence of Rab11, revealing the inability of these vesicles to fuse with the plasma 
membrane (Giansanti, et al., 2007). Further investigation using high-resolution 
fluorescence microscopy will help to elucidate the roles Rab11 may play at the site of 
furrow ingression.  
 In another striking observation, FIP3/FIP4 (Rab11 effectors) maintain their 
localization at the midbody independently of Rab11 (Wilson, et al., 2005). What is 
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responsible for the delivery of FIP3/FIP4 to the midbody, and what role do they play 
there? A comprehensive study by Fielding, et al. (2005), found that FIP3 and FIP4 
interact with ADP-ribosylation factor 6 (Arf6) independently of Rab11. Arf6 is a small 
GTPase known to regulate actin dynamics (for a review see (Donaldson, 2003). In this 
study, there is also evidence that Exo70p, a member of the exocyst complex, interacts 
with FIP3, FIP4 and Rab11 in CHO cells (Fielding, et al., 2005). Given these findings, 
the authors propose a model in which FIP3/FIP4 is delivered to RE vesicles in a Rab11-
dependant manner; these vesicles are then targeted via microtubules (MTs) to the 
midbody and cleavage furrow during telophase (Wilson, et al., 2005; Fielding, et al., 
2005). Arf6 and Exo70p then maintain the FIP3/FIP4 vesicles at the midbody until they 
can fuse with the plasma membrane, thus completing cytokinesis (Fielding, et al., 2005).   
 Arf6 was later shown to be essential for cytokinesis in the Drosophila male germ 
line (Dyer, et al., 2007). Arf6 was found to colocalize with both early endosome and 
recycling endosome markers Rab4 and Rab11 respectively. Early endosomes were found 
at the furrow during early cytokinesis, whereas recycling endosomes did not appear at the 
ingressing furrow until the later stages of cell division. In arf61 mutant spermatocytes, 
cells exhibit normal furrow initiation; however the furrows then regress (Dyer, et al., 
2007). The failure of arf61 mutant spermatocytes to complete furrow ingression shows an 
essential role for recycling endosomes during late cytokinesis. This evidence suggests a 
model in where there are two populations of endocytic vesicles that play essential roles in 
different stages of cytokinesis (Dyer, et al., 2007).  
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1.3.3. The Highway: Secretory Pathway 
 The secretory pathway consists of the shuttling of proteins from the ER to the 
Golgi apparatus, where they are sorted and packaged for delivery to the plasma 
membrane, in some cases routing through the RE in the process. Early studies 
investigating the role of Golgi-derived vesicles in cytokinesis made use of Brefeldin A 
(BFA). BFA is a compound isolated from fungi that inhibits secretion in part by blocking 
non-clathrin-coated vesicle budding (Orci, et al., 1991). An extensive study in C. elegans 
has shown that embryos treated with BFA are unable to successfully complete abscission, 
causing fully-formed cleavage furrows to regress, similar to the phenotype seen in rab-11 
mutant embryos (Skop, et al., 2001). Interestingly, defects in spindle orientation are also 
seen, as normal asymmetric divisions in the C. elegans embryo become symmetric prior 
to abscission failure (Skop, et al., 2001). BFA treatment also effectively inhibits later 
stages of furrow ingression during cellularization in Drosophila embryos and in multiple 
mammalian cell types (Sisson, et al., 2000); (Gromley, et al., 2005; Tomas, et al., 2004). 
In contrast, Shuster and Burgess (2002) demonstrated that the early divisions of sea 
urchin embryos are not susceptible to BFA treatment likely indicating the presence of a 
large store of fusion ready vesicles generated during oogenesis in this species. These 
studies raise interesting questions as to the variability of how cytokinesis is completed in 
different cell types.   
 Work in the late 1990s brought to light the importance of the secretory pathway in 
cytokinesis through the study of syntaxins. Syntaxins (also called t-soluble NSF 
attachment protein receptors, or t-SNAREs) form a complex with v-SNAREs and SNAP-
25 for the successful docking and fusion of vesicles at their target membranes. Conner 
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and Wessel (1999) found that the inhibition of the syntaxin homologue by either 
Botulinum neurotoxin C1, a potent syntaxin inhibitor, or by antibody injection leads to 
inhibition of cytokinesis in the sea urchin Lytechinus variegatus. These defects seem to 
be due to a reduction of syntaxin found localized to the vesicles in the treated blastomeres 
of the sea urchin embryo (Conner and Wessel, 1999). In the same year, Jantsch-Plunger 
and Glotzer (1999) demonstrated that syntaxins were also involved in cytokinesis in C. 
elegans embryos. Worms injected with dsRNA for the syn-4 gene had reduced fertility 
and a high rate of lethality during early larval stages. Of the embryos that were laid, three 
phenotypes were observed: premature nuclear envelope reformation, re-entry of the polar 
body, and regression of the cleavage furrow, suggesting defects in the final stages of 
cytokinesis (Jantsch-Plunger and Glotzer, 1999). A similar larval lethal phenotype has 
also been shown upon disruption of syntaxin 5 in Drosophila embryos (Xu, et al., 2002). 
Surviving males of an incomplete penetrance allele exhibited defects in germ line 
cytokinesis and spermatid elongation (Xu, et al., 2002). These results suggest that 
syntaxins play an evolutionarily conserved role in the successful completion of 
cytokinesis through their function of mediating the fusion of Golgi-derived vesicles at the 
plasma membrane.  
 Mammalian cells have also been shown to utilize syntaxins and other SNARE 
proteins for abscission. In Madin-Darby Canine Kidney (MDCK) cells, syntaxin 2 is 
necessary for the abscission of the midbody, but not mitosis or furrow ingression (Low, et 
al., 2003). In addition, inhibition of endobrevin/VAMP-8, a small v-SNARE protein that 
colocalizes with syntaxin 2, leads to similar abscission defects as syntaxin 2 disruption 
(Low, et al., 2003). These data suggest that syntaxins are not the only family of proteins 
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involved in vesicle targeting, docking, and fusion that are necessary for the completion of 
cytokinesis. In further support, a recent paper by Song, et al. (2009) demonstrated that 
knockdown of syntaxin 16 in HeLa cells also leads to similar defects in the later stages of 
cytokinesis. These studies highlight the existence of multiple v- and t-SNARE proteins, 
which may play varied roles in vesicle docking and fusion. Therefore, more investigation 
into the role these proteins play in varying organisms and cell types is necessary.   
 The exocyst is a protein complex involved in vesicle transport to and maintenance 
at the plasma membrane. This complex forms the link between vesicle trafficking and the 
role of SNAREs in the final stages cytokinesis. This was demonstrated by Gromley, et al. 
(2005) who proposed a model where exocyst proteins along with endobrevin and 
syntaxin-2 localize to a “midbody ring” during the later stages of cytokinesis. Vesicles 
from the Golgi, marked by v-SNAREs arrive at the ingressing furrow and fuse with the 
plasma membrane to complete abscission. In HeLa cells, knockdown of proteins 
comprising the exocyst causes delays in cytokinesis or incomplete abscission leading to 
daughter cells going through continuous rounds of mitosis while still being connected by 
a cytoplasmic bridge (Gromley, et al., 2005). This is most likely due to the inability of v-
SNARE-containing secretory vesicles to fuse with the plasma membrane at the cleavage 
furrow, since accumulation of secretory vesicles are seen in this region when sec5, a 
component of the exocyst, is depleted (Gromley, et al., 2005). These data implicate 
vesicle docking and fusion via SNARE complex proteins as important players in the 
successful completion of abscission.   
 Perturbations of other Golgi-associated proteins have been shown to exhibit 
cytokinesis defects as well. The conserved oligomeric Golgi (COG) complex is known to 
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be essential for Golgi structure and function (Ungar, et al., 2002). In Drosophila, the 
Cog5 homologue four way stop (fws) is necessary for ingression of the cleavage furrow 
(Farkas, et al., 2003). Spermatocytes lacking functional fws showed defects in 
actomyosin ring constriction during mid-telophase. Interestingly, spermatid elongation 
was also inhibited in fws mutants (Farkas, et al., 2003). Another Golgi-associated protein, 
Lava Lamp (Lva), is necessary for cellularization in Drosophila embryos (Sisson, et al., 
2000). This protein is localized to Golgi-derived vesicles that accumulate at the furrow 
region during the mid to late stages of ingression. Inhibition of Lva leads to a delay in 
furrow invagination similar to that seen in embryos treated with BFA (Sisson, et al., 
2000). 
 
1.3.4. Modes of Transportation: Molecular Motors 
 Recent studies have found both actin and microtubule-associated motors are 
involved in the transport of new membrane to the site of furrow ingression. The minus 
end microtubule motor dynein and its activator dynactin have been shown to be essential 
for the correct localization of proteins necessary for the completion of cytokinesis. In 
Drosophila embryos, Nuclear-fallout (Nuf) has been shown to associate with dynein and 
the proper localization of Nuf at the MTOC is dependent on microtubules and dynein 
activity (Riggs, et al., 2007). The interaction between Nuf and dynein may thus be 
necessary for the recruitment of actin to the ingressing furrow leading to successful 
cytokinesis.  
 As previously described, RACK-1 was discovered in a proteomic screen of the 
midbody of C.elegans and found to be necessary for the completion of cytokinesis (Skop, 
22 
 
et al., 2004). In addition to RACK-1’s role in the confinement of recycling endosomes to 
the centrosomes, Ai, et al. showed that RACK-1 interacts with dynactin in the C.elegans 
embryo (Ai, et al., 2009).  
 The role of the dynein/dynactin complex in proper membrane trafficking during 
cytokinesis is conserved in mammalian cells as well. Recently, it has been shown that 
there are two populations of the cytoplasmic dynein1 in HeLa cells: one involved in 
trafficking from the ER to the Golgi, and the other involved in the endosomal pathway 
(Palmer, et al., 2009). Arf6 stabilizes the interaction between its effectors JIP3 and JIP4 
with dynein. Arf6 has also been shown to compete with kinesin-1 for binding to JIP3 and 
JIP4 (Montagnac, et al., 2009). These experiments make it clear that the dynein/dynactin 
complex is essential to the regulation and proper localization of trafficking components 
during the later stages of cytokinesis.  
 In addition to the dynein/dynactin complex, the plus-end directed kinesin motors 
have also been shown to be involved in membrane trafficking during late stages of 
cytokinesis. Kinesin-like proteins are (Carleton, et al., 2006) necessary for abscission in 
C.elegans (Raich, et al., 1998) and Drosophila (Adams, et al., 1998) embryos, as well as 
in mammalian cells (Carleton, et al., 2006). The kinesin-like protein KIF14 localizes to 
the midbody in the later stages of mitosis, and has recently been found to interact with the 
membrane protein supervillin during interphase (Carleton, et al., 2006; Smith, et al., 
2010), suggesting a possible role for KIF14 in membrane trafficking to the furrow during 
cytokinesis. Kinesin II is known to be involved in vesicle trafficking from the Golgi to 
the ER and the RE pathway, as well as the proper localization of syntaxin-containing 
vesicles to the midbody during cell division (Le Bot, et al., 1998; Fan and Beck, 2004; 
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Schonteich, et al., 2008). It has been suggested that because of the defects in cytokinesis 
seen in the absence of these kinesins, and their known roles in vesicle trafficking, that 
these proteins not only act to stabilize the midbody, but are also necessary for membrane 
addition at the cleavage furrow (Henson, et al., 1995). However, the connection between 
these two roles for kinesin remains unclear and direct evidence of kinesin-regulated 
membrane trafficking during cytokinesis remains to be discovered. 
 Myosin VI is an unusual myosin motor in that it moves toward the minus end of 
actin filaments. During mitosis, Myosin VI localizes to vesicles and migrates from the 
spindle poles to the plasma membrane at the furrow region, finally localizing to either 
side of the midbody during late cytokinesis (Arden, et al., 2007). Lending evidence to its 
necessity during cytokinesis, siRNA depletion of myosin VI in HeLa cells leads to the 
cells showing defects in abscission. These cells were also delayed in metaphase, further 
supporting the hypothesis that myosin VI plays an essential role early in mitosis (Arden, 
et al., 2007).  
 
 1.3.5. Conclusions 
 While it is evident that membrane trafficking plays a critical role in cytokinesis, 
many questions still remain. It is still unclear whether the main function of vesicle 
transport to the furrow is for plasma membrane insertion or to deliver proteins necessary 
for the continuation of ingression. Currently, it seems that both of these functions are 
carried out via membrane trafficking to the cleavage plane. Additional investigations are 
necessary to discern the relationship of new membrane addition and actomyosin ring 
contraction during cytokinesis. A few studies have found cursory evidence that the two 
24 
 
processes are independent of one another (Won, et al., 2001; Dyer, et al., 2007; Drechsel, 
et al., 1997). It also remains unclear whether the two pathways involved in vesicle 
trafficking act separately, or if Golgi-derived vesicles are routed through the recycling 
endosome before being directed to the cleavage furrow. 
 Although beyond the scope of this review, an increasingly interesting field of 
study is the function of the unique lipid content found at the cleavage furrow. It has been 
proposed that these lipids are involved in both the organization of the cytoskeleton and/or 
the addition of new membrane during cytokinesis(Emoto, et al., 2005; Field, et al., 2005). 
In addition, the formation of distinct apical and basolateral membranes in polarized cells, 
especially in light of evidence that most of the vesicles involved in cytokinesis are 
endocytosed from the apical regions of the cell raises many questions for further research 
(Schweitzer, et al., 2005a). Advances in light microscopy and investigations into protein-
protein interactions will undoubtedly shed more light onto the role of membrane 
trafficking during cytokinesis.  
 
1.4. Specific Aims 
1.4.1. Investigation of Lipid Raft Mobility in Cleavage Stage Sea Urchin Embryos 
 Previous studies from our lab have shown that GM1-containing lipid rafts, 
nanoscale domains discovered in detergent resistant membrane fractions, are polarized in 
the cleavage stage sea urchin embryo, localizing to the apical cell surface leaving the 
basolateral surface free of GM1 in the two cell stage embryo (Ng, et al., 2005). During 
cell division, these rafts become dynamic, moving into the cleavage furrow during 
invagination before migrating out of the cell-cell contact surface prior to abscission (Ng, 
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et al., 2005; Alford, et al., 2009). The goal of this project was to quantify the mobility of 
GM1-containing lipid rafts during the cell cycle using Fluorescence Recovery After 
Photobleaching (FRAP). Our hypothesis was that lipid rafts would become increasingly 
mobile during mitosis, as evidenced by prior live cell imaging (Ng, et al., 2005). 
Interestingly, I have found that lipid rafts remain immobile throughout the cell cycle, 
seemingly contradictory to our lab’s previous findings. I have also found that the stability 
of lipid rafts within the plasma membrane is dependent on the activity of MLCK, which 
upon inhibition, leads to dramatic restructuring of actin filaments into comets similar to 
those seen upon Listeria infection. I have also observed numerous vesicles stained with 
488-CTB, a marker for GM1, within the cytoplasm. These vesicles appear to be 
endocytosed independently of fluid phase or clathrin-mediated endocytic pathways. From 
these studies it can be concluded that lipid rafts remain stabilized within the plasma 
membrane throughout the cell cycle and that their immobility is dependent on the activity 
of MLCK, possibly through its effects on actin filament dynamics.  
 
1.4.2. Visualization of New Membrane Addition at the Cell Poles During Anaphase 
 The second aim of this project was to observe the movement of lipid rafts during 
cytokinesis in greater detail. FRAP experiments were not possible during the later stage 
of cell division to the changes in cell shape that occur during cleavage furrow ingression. 
Therefore, the goal was to use confocal microscopy to take high resolution z-stack 
images over time, allowing for in depth analysis of raft movement during cytokinesis. 
Our hypothesis was that there is a bulk movement of the entire plasma membrane 
towards the cell equator immediately prior to and during the early stages of cytokinesis. 
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Timelapse microscopy confirmed this hypothesis, revealing areas of new membrane 
addition at the cell poles during anaphase, forcing the original cell membrane towards the 
cell equator. Upon furrow formation, the original cell membrane containing lipid rafts 
was forced into the cleavage plane, only to be pushed back outwards towards the pole 
when a second membrane addition even occurred at the tip of the cleavage furrow during 
late cytokinesis. The new membrane addition event at the cell poles is novel, as previous 
theories believed polar expansion to be due to membrane stretching (Wolpert, 1960).  
The membrane that is added at the poles is compositionally unique from the original cell 
membrane, being devoid of GM1-containing lipid rafts. In addition, I have found that 
astral microtubules are necessary for polar membrane addition and that Rab11 vesicles 
are trafficked to the cell pole during this time, suggesting that new membrane is delivered 
via exocytosis. This investigation into membrane dynamics during cytokinesis has 
revealed a spatially and temporally distinct membrane addition event at the cell poles 
during anaphase in spherical sea urchin embryos.  
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Figure 1.2.1. Models of cell division. Green lines represent microtubules, pink circles 
represent the centrosomes, and blue triangles represent the chromosomes. A) Polar 
relaxation states that the polar astral microtubules deliver a signal to the polar cell surface 
(red arrows), decreasing surface tension at the poles. This decrease causes the tension at 
the equatorial cell surface to be higher than at the cell poles, leading to furrow formation. 
B) Equatorial stimulation hypothesizes that the overlapping equatorial astral microtubules 
send a signal to the furrow region (red arrows), increasing surface tension or stimulating 
cortical contraction. (Reprinted from Burgess and Chang, 2005.)  
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Figure 1.2.2. The expanding membrane theory. (a) At the end of anaphase, X-
substance is released from the chromosomes. Diffusion through the cytoplasm causes the 
X-substance to first come into contact with the polar cell surface. This causes the polar 
cell membrane to relax and the cell to elongate. (b) As the cell becomes elongated, X-
substance continues to diffuse outwards, leading to the relaxation of the subfurrow 
region. Reduced tension at the polar and subfurrow plasma membrane leads to the 
formation of a cleavage furrow due to the relatively high tension of the equatorial cell 
membrane. (c) After the cleavage furrow forms, the X-substance comes into contact with 
the entire cell surface, which allows the furrow membrane to continue ingressing to 
complete cleavage (d). (Reprinted from Swann and Mitchison, 1958, p. 114.) 
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Figure 1.2.3. Ohtsubo and Hiramoto’s (1985) stiffness measurements of starfish 
embryos. A) To measure the stiffness of the cell surface, negative pressure was applied 
through a micropipette applied to the surface of the embryo, creating a bulge inside the 
micropipette. The amount of pressure necessary to maintain the bulge at a certain height 
represented the stiffness of the cell surface. B) The micropipette was placed at either the 
cell pole (left needle), the cell equator (bottom needle), or both during cell division. The 
height of the bulge is represented as x. C) The results of the stiffness measurements at the 
cell pole (a), the cell equator (b), and both the pole and equator (c). The negative pressure 
(continuous line, left axis) necessary to maintain the height of the bulge throughout the 
experiment. The height of the bulge (right axis) is represented by open cirlces (polar 
surface) and closed circles (equatorial surface). Images above the graphs represent the 
phase of the cell cycle during which the measurements were taken. (Adapted from 
Ohtsubo and Hiramoto, 1985, p. 377)  
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Figure 1.2.4. Rappaport’s torus experiments. The mitotic apparatus (MA) of sand 
dollar embryos was moved towards the cell surface using a glass ball (right cell). Control 
embryos (left) divided normally. Top drawings represent the placement of the MA in the 
images below. A) The embryo immediately prior to cleavage. B) The completion of the 
first division. Only one furrow is present on the side of the cell closest to the MA. C) The 
completion of the second cleavage. Two mononucleate blastomeres have formed at the 
tops of the horseshoe. The Rappaport furrow can be seen ingressing between the non-
spindle asters (arrows). D) The Rappaport furrow complets division, resulting in four 
mononucleate cells as would be expected in normal embryo development (compare to 
control cells). (Reprinted from Rappaport, 1961.)  
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Figure 1.3.1. Membrane trafficking to the furrow during cytokinesis. Diagram of the 
proteins involved in vesicle trafficking to the cleavage furrow during cytokinesis. 
Proteins shown in blue and green interact with dynein/dynactin complex and kinesin 
respectively for proper localization during cell division. Myosin VI, labeled in red, 
localizes to the ingressing cleavage furrow and is necessary for the completion of 
abscission.  
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Chapter 2. The Dynamics of Lipid Rafts in Cleavage Stage Sea Urchin Embryos  
 
2.1. Introduction 
 The dynamics of plasma membrane and the underlying cellular cortex of 
eukaryotic cells are important for cell shape, migration, and proliferation. The plasma 
membrane is not a uniform bilayer, but contains specifically localized areas of proteins 
and lipids that aid in cellular processes. Membrane lipid rafts, defined here as detergent-
resistant microdomains in the plasma membrane enriched in sphingolipids and 
cholesterol, are preferentially localized within many cell types. In mammalian epithelial 
cells, GM1-containing lipid rafts are located at the apical cell surface of epithelial cells 
and play an important role in the establishment and maintenance of cell polarity 
(Lingwood and Simons, 2010; Schuck and Simons, 2004). Lipid rafts are also found to be 
preferentially localized to the leading edge of migrating cells and are necessary for the 
polarized localization of proteins involved in cell adhesion and chemotaxis (Mañes, et al., 
1999; Gómez-Moutón, et al., 2001; Mukai, et al., 2009). In addition, increasing evidence 
points to the role of lipid rafts in cytokinesis and signaling. Signaling molecules such as 
GPI-anchored proteins, caveolins, and annexins have been shown to be associated with 
lipid rafts (Chatterjee and Mayor, 2001; Simons and Toomre, 2000; Kurzchalia and 
Parton, 1999; Babiychuk, et al., 2002). In echinoderm embryos, signaling molecules such 
as Src family kinases, MAP kinases, and phospholipase C are associated with lipid rafts, 
and disruption of lipid rafts by cholesterol depletion blocks cytokinesis (Ng, et al., 2005; 
Belton Jr, et al., 2001). In mammalian cells, similar disruption of rafts leads to defects in 
cytokinesis and embryo development (Comiskey and Warner, 2007). 
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 Although lipid rafts have been extensively studied in multiple cellular events, the 
establishment and control of lipid rafts remains unknown. Studies using model 
membranes to investigate the interaction of lipid rafts with the cytoskeleton have found 
that membrane microdomains colocalize with actin networks and that actin is necessary 
for the organized localization of lipid rafts (Liu and Fletcher, 2006). Lipid rafts marked 
by the Src family kinase p56lck colocalize with actin in mammalian cells as well, and the 
association of p56lck with actin was dependant on cholesterol (Rodgers and Zavzavadjian, 
2001; Chichili and Rodgers, 2007). In addition, nonmuscle myosin II has also been 
shown to be associated with lipid rafts. In sea urchin embryos, lipid rafts stained with 
Cholera Toxin Subunit B (CTB), a marker for the ganglioside GM1  (Badizadegan, et al., 
2000), become highly dynamic during cytokinesis, migrating into the furrow during 
cleavage, then moving back out during abscission (Ng, et al., 2005). This accumulation of 
GM1-labeled rafts at the furrow prior to invagination is blocked by inhibition of myosin 
light chain kinase (MLCK) (Ng, et al., 2005). Myosin II has also been shown to be 
associated with lipid rafts in mammalian cells and plays a role in signaling processes 
leading to myosin regulatory light chain (MRLC) phosphorylation (Ishmael, et al., 2007; 
Carlile-Klusacek and Rizzo, 2007).   
 Here we investigated the mobility of lipid rafts within the plasma membrane of 
early cleavage stage sea urchin embryos. We find that lipid rafts are highly organized and 
stabilized within the plasma membrane throughout the cell cycle. Disruption of myosin 
bipolar filament assembly by the inhibition of MLCK leads to an increase in the mobility 
of lipid rafts. We find that treatment of sea urchin zygotes with ML-7 causes the dramatic 
appearance of actin comets throughout the cytoplasm. In addition, endocytosis of GM1-
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containing lipid rafts appears to occur independently of fluid-phase or clathrin-mediated 
endocytosis. 
 
2.2. Results 
2.2.1. Lipid Rafts Are Stabilized within the Plasma Membrane 
 Previous studies have shown that CTB-labeled GM1-containing membrane is 
dynamic during cytokinesis, accumulating at the equatorial cell surface and moving into 
the cleavage furrow during ingression, migrating back out after the completion of 
cytokinesis (Ng, et al., 2005; Alford, et al., 2009). We quantified the mobility of GM1 
throughout the cell cycle in cleavage stage sea urchin embryos using FRAP in zygotes 
and 2-cell stage blastomeres stained with 488-CTB. CTB-labeled cells show staining 
around the entire cell surface of zygotes (Figure 2.2.1A), representing labeling of large 
aggregates of the nanoscale membrane rafts. GM1 was found to be highly immobile 
within the membrane, having an average fluorescence intensity increase (AFI) of 
16.29±2.42% during interphase (Figure 2.2.1). Surprisingly, we found GM1 to be 
similarly static during mitosis (metaphase to late anaphase, AFI = 14.76±2.13%) when 
compared to cells in interphase (Figure 2.2.1), suggesting that previous observations of 
GM1 movement into the furrow is specific to cytokinesis (Alford, et al., 2009). It was not 
possible to perform accurate FRAP experiments during the later stages of cell division 
when the furrow was ingressing due to the rapid bulk movement of the membrane. GM1 
was significantly immobile when compared to a freely diffusible fluorescent membrane 
dye C12-fluorescein. Rapid and complete (84.79±5.98% AFI during interphase and 
78.3±4.65% AFI during mitosis) recovery of C12-fluorescein was observed within 2 
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minutes of bleaching (Figure 2.2.1). Therefore, our results show that GM1 is not able to 
freely diffuse and is stabilized within the plasma membrane during both interphase and 
mitosis. 
 
2.2.2. Disruption of MLCK Increases GM1 Mobility 
 Components of the cytoskeleton are known to affect the organization of lipid rafts 
which are otherwise immobile in the plasma membrane. Actin is necessary for the 
clustering of lipid rafts in both model membranes and mammalian cells, and has also 
been shown to affect the mobility of raft markers (Liu and Fletcher, 2006; Rodgers and 
Zavzavadjian, 2001; Chichili and Rodgers, 2007). In addition, actin has been observed in 
lipid rafts fractions from sea urchin embryos (Belton Jr, et al., 2001). Nonmuscle myosin 
II and MLCK have also been found to associate with lipid rafts in mammalian cells 
(Ishmael, et al., 2007; Zhao, et al., 2009). In order to further investigate how GM1 is 
anchored within the plasma membrane, CTB-labeled sea urchin embryos were treated 
with small molecule inhibitors of cytoskeletal proteins prior to FRAP experiments. 
Surprisingly, depolymerization of actin during interphase using Cytochalasin D (CytoD) 
showed no effect on the mobility of GM1 (Figure 2.2.2A, AFI = 11.88±2.8%). Disruption 
of microtubules using Nocodazole (Nz) also showed no significant effect on GM1 
mobility (Figure 2.2.2A, AFI = 20.16±5.67%). In contrast, inhibition of MLCK by 
treatment with ML-7 showed a significant increase in the recovery of CTB-labeled GM1 
to the bleached region (Figure 2.2.2A, AFI = 28.91±5.46%). In order to indirectly disrupt 
myosin phosphorylation, embryos were treated with the Rho kinase (ROCK) inhibitor 
H1152. This treatment had no effect on the mobility of lipid rafts during interphase 
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(Figure 2.2.2A, AFI = 13.42±4.41%), suggesting that the stabilization of rafts within the 
plasma membrane is specifically MLCK dependent.  
 Similar results were observed during mitosis. ML-7 treatment led to an increase in 
the recovery of GM1 to the bleached region (Figure 2.2.2B, AFI = 35.54±5.55%) when 
compared to control cells during mitosis (Figure 2.2.2B, AFI = 14.76±2.13%). Inhibitors 
of actin and microtubule polymerization, as well as ROCK inhibition showed a slight 
decrease in GM1 mobility during mitosis (Figure 2.2.2B). This decrease is likely due to 
the fact that cytokinesis is inhibited in these embryos. A previous study in other sea 
urchin species found that while the amount of myosin heavy chain at the cortex remains 
constant after treatment with ML-7 or H1152, the concentration of mono-phosphorylated 
myosin decreases (Uehara, et al., 2008). This leaves open the possibility that even though 
the localization of total myosin remains cortical, the levels of RLC phosphorylation are 
changed upon inhibitor treatment leading to an increase in lipid raft mobility.  
 
2.2.3. Myosin Is Associated with Lipid Rafts 
 Myosin light chain kinase is necessary for the phosphorylation of myosin light 
chain, leading to the formation of bipolar myosin filaments. Due to the observation of a 
disruption in GM1 stability upon ML-7 treatment, the association of myosin and lipid 
rafts was analyzed in two ways. CTB-labeled lipid rafts and myosin were localized to the 
plasma membrane and underlying cell cortex respectively in zygotic embryos (data not 
shown). After cytokinesis, GM1 as well as myosin is concentrated on the apical, or free 
cell surface of the two and four cell stage embryo (Figure 2.2.3).  Second, lipid rafts were 
isolated from sea urchin embryos by sucrose fractionation as previously described 
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(Belton Jr., et al., 2001; Ng, et al., 2005) and analyzed (Figure 2.2.4A). Myosin was 
found to fractionate along with a subpopulation of GM1-containing lipid rafts isolated 
from two cell stage embryos, however MLCK was not found to be present in isolated 
rafts (Figure 2.2.4B and C). These results suggest that the role of MLCK in stabilizing 
lipid rafts in the plasma membrane is likely via the role of MLCK in the formation of 
bipolar myosin filaments.  
 Immunofluorescence assays were conducted on two cell stage embryos in order to 
investigate the effect of ML-7 treatment on myosin localization. Interestingly, 
fluorescence intensity analysis across the 2 cell stage embryo showed no significant 
difference in myosin localization of ML-7 treated embryos compared to untreated 
controls (Figure 2.2.5B). Similarly, inhibition of ROCK by H1152 had no effect on 
myosin localization (Figure 2.2.5B).  
 
2.2.4. Inhibitor Treatment Causes Redistribution of Actin Filaments 
 Actin has been shown to be involved in the localization of lipid rafts in both 
model membranes and in mammalian cells (Liu, A.P. 2006, 204 Rodgers, W. 2001; 198 
Chichili, G.R. 2007). Therefore, I next determined the effect the above inhibitors had on 
actin filaments. Zygotes were treated with CytoD, LatB, or ML-7 at 20 minutes post-
fertilization and injected with Lifeact to observe F-actin localization. Lifeact is a 17 
amino acid peptide of the actin binding domain of the Saccharomyces cerevisiae protein 
Abp140. It has been shown to be a useful probe for F-actin and is non-toxic to cells 
(Riedl, et al. 2008). Inhibition of actin polymerization by treatment with CytoD or LatB 
led to a decrease of F-actin at the cell cortex. LatB treated zygotes were left with actin 
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puncta around the cortex, whereas CytoD treated zygotes retained some cortical actin 
uniformly around the cell cortex (Figure 2.2.6). Interestingly, two F-actin spots appeared 
during mitosis in CytoD treated embryos (Figure 2.2.6 and 2.2.7). These spots appear to 
localize from where the spindle microtubules originate (Figure 2.2.7). In treated embryos 
with normal mitotic spindles, two spots appear during mitosis, whereas in cells with 
monopolar spindles where only one aster is formed and normal mitosis does not occur, 
only one spot was seen. These spots were observed in both live cells injected with Lifeact 
and in fixed embryos stained with rhodamine-conjugated Phalloidin, proving that these 
spots are not an artifact of Lifeact injection (Figure 2.2.6 and 2.2.7). In CytoD treated 
zygotes injected with GFP-Lifeact, the actin spots became brighter over time with an 
average increase in fluorescence of 37.5±7.6% over ten minutes. These results suggest 
that upon inhibition of actin polymerization with CytoD, F-actin is lost from the cell 
cortex and recruited to the microtubule organizing center (MTOC) during mitosis. 
 Surprisingly, embryos treated with ML-7, a small molecule inhibitor that 
competes with ATP for its binding site on MLCK, formed multiple F-actin puncta in the 
cytoplasm (Figure 2.2.6 and 2.2.9). In order to investigate this occurrence further, 0.5µm 
z-stack images were taken every 30 seconds for 30 minutes beginning prior to mitosis. 
The puncta seen in still images appear to be actin comets, similar to those observed in 
mammalian cells infected with Listeria monocytogenes (Tilney and Portnoy, 1989) 
(Movie 2.2.8). Some of these comets appear to originate from the actin at the cell cortex. 
In order to determine if this phenotype was due to the inhibition of MLCK or the fact that 
without MLCK myosin bipolar filaments cannot form, zygotes were treated with 
Blebbistatin, which inhibits the release of ADP and phosphate by myosin, leaving the 
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myosin head weakly bound to actin without completing the motor’s power stroke. 
Blebbistatin treated embryos became binucleate as expected, however these embryos 
showed no signs of actin mislocalization or comets (Figure 2.2.9). Therefore, the 
formation of actin comets upon ML-7 treatment is specific to the inhibition of MLCK and 
not due to the disruption of myosin localization or myosin motor function.  
 The formation of actin comets used by L. monocytogenes for cytoplasmic 
locomotion is dependent on hijacking the actin polymerization machinery from the host 
cell, specifically the proteins of the Arp2/3 complex (Welch, et al., 1997b). The Arp2/3 
complex is composed of seven highly conserved subunits, which binds to the side of actin 
filaments to form a nucleation site resulting in the formation of branches actin filaments 
(Machesky, et al., 1994; Welch, et al., 1997a; Mullins, et al., 1998). Since the actin 
comets observed in ML-7 treated embryos appear similar to those observed upon L. 
monocytogenes infection, I next wanted to see if inhibition of the Arp2/3 complex would 
interfere with ML-7 comet formation. The Arp2/3 inhibitor CK-666 binds to a pocket 
between Arp2 and Arp3, maintaining the complex in an inactive conformation, and has 
been shown to decrease actin polymerization around intracellular Listeria. Treatment of 
L. pictus zygotes with CK-666 resulted in the formation of binucleate cells (Figure 
2.2.10A). Interestingly, the cortical localization of actin was similar to control cells and 
regions of actin accumulation were observed at the cell equator where the contractile ring 
was forming (Figure 2.2.10A, arrows). Three phenotypes were observed upon CK-666 
treatment: rounded binucleate cells (Figure 2.2.10A, second panel), kidney-shaped 
binucleate cells where one furrow had ingressed (Figure 2.2.10A, third panel), and 
binucleate cells where both cleavage furrows had been formed, but did not fully ingress 
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(Figure 2.2.10A, fourth panel). The inhibition of cytokinesis in these cells indicates that 
the Arp2/3 complex has been successfully blocked. 
 In order to ascertain if Arp2/3 activation is necessary for the formation of ML-7 
actin comets, L. pictus zygotes were treated with ML-7, CK-666, or both ML-7 and CK-
666. Embryos treated with ML-7 showed an average of 61±4.7 actin comets per cell 
(Figure 2.2.10B). However, when embryos were treated with both ML-7 and CK-666, a 
significant decrease in the average number of actin comets was observed (2.6±0.6 comets 
per cell, Figure 2.2.10B). These results suggest that the formation of actin comets upon 
inhibition of MLCK by ML-7 is dependent on the nucleation of actin filaments by 
Arp2/3.  
 
2.2.5. GM1 Is Endocytosed in a Fluid Phase and Clathrin Independent Manner 
 Previous studies in mammalian cells have shown that lipid rafts are endocytosed 
in a clathrin and caveolin independent manner (for reviews see (Kirkham and Parton, 
2005; Chinnapen, et al., 2007). More specifically, while GM1 has been found to be 
dependent on clathrin as well as caveolin for internalization, when these modes of 
endocytosis are blocked a population of GM1 is still able to enter the cell (Torgersen, et 
al., 2001; Kirkham, et al., 2005). Since we had observed many CTB-labeled vesicles 
within the blastomeres studied above, we were interested in investigating the method by 
which GM1 is endocytosed in cleavage stage sea urchin embryos. To this end, we 
performed immunofluorescence assays to determine if internalized CTB-labeled vesicles 
colocalize with clathrin coated vesicles. The clathrin antibody revealed numerous 
vesicles inside the cell during cell division, however these clathrin coated vesicles did not 
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colocalize with CTB-labeled vesicles (Figure 2.2.11B and C), suggesting that GM1-
contaning lipid rafts are endocytosed in a clathrin independent manner.   
 In addition, previous studies have found that CTB-labeled endocytic vesicles co-
localized with markers for fluid phase endocytosis (Kirkham, et al., 2005; Sabharanjak, et 
al., 2002). In order to ascertain if this was the case in cleavage stage sea urchin embryos, 
zygotes were incubated with rhodamine-conjugated dextran as well as labeled with CTB 
to observe fluid phase endocytosis. Interestingly, similar to the results observed with 
clathrin, CTB-labeled vesicles did not colocalize with dextran containing vesicles (Figure 
2.2.12). These results show that GM1 containing lipid rafts are not endocytosed by either 
fluid phase or clathrin-mediated endocytosis.  
 
2.3. Discussion 
 It has become increasingly apparent that lipid rafts are an essential component of 
the plasma membrane with various roles in signaling, cell polarity, and cell division. 
Here, we have found that GM1-containing lipid rafts are stabilized within the plasma 
membrane, remaining immobile throughout the cell cycle. While previous studies have 
shown that CTB labeled GM1 diffuses slowly within the plasma membrane of 
mammalian cells in culture (Wolf, et al., 2008; Lajoie, et al., 2007; Guo, et al., 2010; 
Kenworthy, et al., 2004), to our knowledge this is the first quantitative study of lipid raft 
dynamics during the cell cycle. The stability of lipid rafts within the plasma membrane is 
dependent on the activity of MLCK, possibly due to the dramatic effect inhibition of 
MLCK has on Arp2/3 dependent actin filament formation. In addition, we find that GM1-
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containing lipid rafts are endocytosed independently of clathrin-mediated and fluid phase 
endocytosis.  
 Strict control of lipid rafts during the cell cycle is necessary to ensure that 
associated signaling proteins are properly positioned within the cell (Lingwood and 
Simons, 2010; Chichili and Rodgers, 2009). Previous studies have shown that lipid rafts 
are mobile during cytokinesis, migrating into the cleavage furrow during furrow 
ingression, and back out upon abscission (Ng, et al., 2005; Alford, et al., 2009). During 
interphase, FRAP experiments measuring the mobility of CTB-labeled lipid rafts 
revealed that these membrane domains are anchored and immobile within plasma 
membrane. Interestingly, GM1-containing lipid rafts remained immobile during mitosis.  
 Whereas previous work suggests that actin is the main cytoskeletal element 
controlling lipid raft formation and organization within the plasma membrane, we find 
the mobility of GM1-containing lipid rafts in sea urchin embryos to be controlled by the 
activity of MLCK (Figure 2.2.2) (Liu and Fletcher, 2006; Chichili and Rodgers, 2007; 
Kwik, et al., 2003). Our original hypothesis was that these rafts were most likely 
anchored through the phosphorylation of myosin regulatory light chain by MLCK, 
leading to the formation of bipolar myosin filaments. This was supported by our initial 
results showing that myosin is associated with lipid rafts, while MLCK is not observed in 
isolated raft fractions (Figure 2.2.4). However, we now believe that inhibition of MLCK 
by ML-7 leads to a misregulation of Arp2/3 mediated actin nucleation, which causes the 
destabilization of lipid rafts in the plasma membrane. In mammalian cells, inhibition of 
myosin ATPase activity by treatment with Blebbistatin increased the recovery time of 
actin at the equatorial cortex, the polar cortex, and the contractile ring (Guha, et al., 2005; 
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Murthy and Wadsworth, 2005). While we were unable to use Blebbistatin in out FRAP 
experiments, we would expect to see a reduced effect, if any, on lipid raft mobility due to 
the fact that we do not observe the same formation of actin comets with Blebbistatin 
treatment. Surprisingly, neither disruption of actin nor microtubules caused a change in 
the mobility of lipid rafts within the membrane (Figure 2.2.2).   
 There are two possible explanations as to why there is no increase in raft mobility 
during mitosis, but movement during cytokinesis. The first is that lipid rafts become 
abruptly mobile at the equatorial plasma membrane late in mitosis, during furrow 
invagination. The second, and more likely explanation, is that during cytokinesis the 
plasma membrane stretches at the poles, pushing membrane away from the poles as the 
furrow ingresses (for further discussion see Chapter 3). The migration of lipid rafts out of 
the basolateral membrane upon abscission is likely due to new membrane addition in the 
late furrow, which has been widely studied in both echinoderm embryos as well as 
mammalian cells (Shuster and Burgess, 2002; Ng, et al., 2005; McKay and Burgess, 
2010). Due to the speed of cytokinesis in these embryos, we were unable to perform 
quantitative FRAP analysis of CTB-labeled lipid rafts in the furrow during cytokinesis, 
however FRAP analysis during late anaphase did not show an increase in lipid raft 
mobility at the equator.  
  The pathway of CTB endocytosis remains unclear and appears to differ between 
cell types and culture conditions (Chinnapen, et al., 2007; Kirkham, et al., 2005; Hansen, 
et al., 2005). We observed numerous GM1-containing vesicles in the cytoplasm of during 
our FRAP experiment, and therefore began to investigate the method of lipid raft 
endocytosis in cleavage stage sea urchin embryos. Using immunostaining of endocytic 
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vesicle markers, we have found that CTB-labeled vesicles do not co-localize with 
clathrin-coated vesicles. This is interesting due to the fact that many cell types have 
shown GM1 entering the cell through multiple pathways, including clathrin-dependent 
and independent mechanisms in the same cell (Torgersen, et al., 2001). In other studies, a 
clathrin and caveolin-independent mechanism of GM1 has been discovered and is thought 
to occur through GPI-AP-enriched early endosomal compartments (GEECs). This type of 
endocytosis has been shown to be associated with fluid phase endocytic markers 
(Sabharanjak, et al., 2002). Therefore, we compared CTB-labeled vesicles with vesicles 
containing rhodamine dextran, a marker for fluid phase endocytosis. We observed no 
colocalization of CTB-labeled vesicles with vesicles carrying rhodamine dextran; 
therefore we find that GM1 is not endocytosed via fluid phase endocytosis. Our data in 
sea urchin embryos lend evidence to the idea the there is a lipid raft-mediated endocytic 
pathway independent of clathrin and fluid phase endocytosis.    
 In conclusion, we have shown that GM1-containing lipid rafts in cleavage stage 
sea urchin embryos are stabilized in the plasma membrane by the activity of MLCK, 
possibly through its regulation of the actin cytoskeleton. Inhibition of MLCK through 
treatment with the small molecule ML-7 leads to the formation of actin comets, which 
were found to be dependent on the Arp2/3 complex. In addition we find that GM1 is 
endocytosed in a manner independent of clathrin and fluid phase endocytosis. Further 
investigation into the organization of lipid rafts and the actin cortex will aid in the 
understanding of the regulation of signaling molecules that play important roles in 
cellular processes.  
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Figure 2.2.1. Lipid rafts are immobile within the plasma membrane throughout the 
cell cycle. Zygotes were labeled with either the lipid raft marker 488-CTB or the 
diffusible lipid dye C12-fluorescein for FRAP experiments (see Chapter 6.4). A) The 
timepoint t0 is immediately after bleaching and tmax is the time of maximum recovery 
within a 5 minute time period after bleaching. Insets show a larger view of the bleached 
region at each timepoint. FRAP experiments of 488-CTB labeled lipid rafts showed little 
fluorescence recovery to be bleached region. The diffusible lipid dye C12-fluorescein 
showed almost complete recovery to the ROI within 2 minutes of bleaching. Scale bar 
represents 25µm. B) Lipid rafts showed an AFI increase in the ROI of 16.29±2.42% 
(n=13) during interphase and 14.76±2.13% (n=17) during mitosis over 5 minutes. C12-
Fluorescein showed rapid recovery to the ROI during both interphase and mitosis 
(84.79±5.98%, n=9 and 78.3±4.65%, n=8 respectively; ***p<0.0005) over 5 minutes. 
Error bars represent SEM.  
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Figure 2.2.2. Inhibition of MLCK causes increased mobility of lipid rafts during 
interphase and mitosis. FRAP experiments of 488-CTB labeled zygotes were performed 
as described in Chaper 6.4. A) Average fluorescence intensity (AFI) increase in the ROI 
of 488-CTB labeled cells upon treatment with cytoskeletal inhibitors during interphase. 
The AFI increase in the ROI of control cells (16.29±2.42%, n=13) was compared to 
embryos treated with CytoD (11.88±2.8%, n=8), Nz (20.16±5.67%, n=8), ML-7 
(28.91±5.46%, n=9), and H1152 (13.42±4.41%, n=8). A significant increase in lipid raft 
mobility was observed upon MLCK inhibition by ML-7 (*p<0.05). B) AFI increase in 
the ROI of 488-CTB labeled cells during mitosis upon treatment with cytoskeletal 
inhibitors. The AFI increase of control cells (14.76±2.13%, n=17) was compared to 
embryos treated with CytoD (13.03±3.793, n=10), Nz (9.171±1.327, n=9), ML-7 
(35.54±5.55%, n=9), and H1152 (8.485±1.172, n=9). A significant increase in CTB 
recovery to the bleached region was observed upon ML-7 treatment (**p<0.001). Error 
bars represent SEM.  
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Figure 2.2.3. Myosin and GM1-containing lipid rafts are localized to the apical cell 
surface. Two and four cell stage embryos were labeled with 488-CTB (green) prior to 
fixation and immunostained for total myosin (red). Cholera toxin subunit B labeled lipid 
rafts as well as myosin were observed at the apical cell surface. The basolateral cell 
surface remained free of CTB and myosin labeling. Scale bar is 25µm.  
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Figure 2.2.4. Myosin, but not MLCK, is associated with lipid rafts. A) GM1-
containing lipid rafts were isolated from 2 cell stage L. pictus embryo as described in 
Chapter 6.5. A dot blot was performed to confirm the presence of lipid rafts in fractions 3 
and 4 of the sucrose gradient. B) Gradient fractions containing CTB-labeled lipid rafts 
were run on a SDS-PAGE gel and probed for total myosin by Western blotting. A 
subpopulation of myosin was detected in GM1-containing lipid raft fractions (unlabeled 
lanes left blank). C) Lipid raft fractions were probed for MLCK by Western blot as well. 
Myosin light chain kinase was not detected in the isolated lipid raft fractions (unlabeled 
lanes left blank). The three bands observed in the whole embryo lysate correlate to the 
three isoforms of MLCK annotated in the genome of S. purpuratus (357KDa - 
SPU_023876, 45KDa - SPU_023875, and 29KDa - SPU_019751).   
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Figure 2.2.5. Myosin localization was unaffected by inhibition of MLCK or ROCK. 
Two cell stage embryos were fixed and immunostained for total myosin (see Chapter 
6.6). A) Immunostaining of 2 cell stage embryos shows the localization of myosin at the 
apical cell cortex in untreated control embryos. There was no change in the localization 
of total myosin in embryos treated with either ML-7 or H1152. Scale bar represents 
25µm. B) The localization of fluorescence was confirmed by graphing the percentage of 
total fluorescence intensity across a bisection of a 2 cell stage embryo (white line in A. 
control). The localization of myosin remained apical in control, ML-7 and H1152 treated 
embryos. 
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Figure 2.2.6. Localization of F-actin at the cell cortex is altered by small molecule 
inhibitors of the cytoskeleton. Zygotes were treated with inhibitors of actin 
polymerization (CytoD or LatB) or MLCK (ML-7) and injected with GFP-Lifeact to 
observe F-actin localization (see Chapter 6.7). Control cells show strong localization of 
F-actin to the entire cell cortex. CytoD treated zygotes showed a decrease in actin at the 
cell cortex and the appearance of two Lifeact-labeled spots during mitosis. LatB treated 
embryos also exhibited a decrease in F-actin localization at the cell cortex, with GFP-
Lifeact becoming punctate at the cortex. ML-7 treatment led to the appearance of 
multiple actin comets within the cytoplasm. Scale bars represent 25µm.  
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Figure 2.2.7. Cytochalasin D actin spots appear at the microtubule organizing center 
(MTOC). Zygotes were treated with CytoD prior to fixation and immunostaining for F-
actin (red) and β-tubulin (green) (see Chapter 6.6). Actin spots are not observed in 
untreated control cells. Upon CytoD treatment, actin spots become visible during mitosis 
(arrows). These spots are found at the center of the two mitotic asters (arrowheads), 
suggesting that they localize to the MTOC. In embryos with a monopolar spindle (bottom 
row), only a single spot is observed. Scale bars represent 25µm.  
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Movie 2.2.8. Treatment with ML-7 causes the formation of actin comets. L.pictus 
zygotes were treated with ML-7 and then injected with GFP-Lifeact to observe F-actin 
localization in live cells (see Chapter 6.7). Actin comets formed within 20 minutes of 
treatment and were highly dynamic within the cytoplasm. (See external file.) 
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Figure 2.2.9. Inhibition of MLCK, not myosin motor function, causes the formation 
of actin comets. Embryos were treated at 20 minutes post-fertilization with ML-7, 
Blebbistatin, or DMSO (control) and were fixed for immunostaining when control 
embryos were at the 2 cell stage. Control embryos showed cortical actin localization by 
rhodamine phalloidin immunofluorescence. Cytokinesis, but not mitosis is inhibited upon 
ML-7 or Blebbistatin treatment leading to the formation of binucleate cells. Actin comets 
are observed in ML-7 treated embryos, similar to what is observed in GFP-Lifeact 
injected embryos (Figure 2.2.6). No actin comets were observed in Blebbistatin treated 
embryos, suggesting that the formation of actin comets is due to the inhibition of MLCK 
not the hindering of myosin ATPase activity. Scale bars represent 25µm.  
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Figure 2.2.10. The Arp2/3 complex is involved in the formation of actin comets 
observed upon ML-7 treatment. A) Embryos were treated with the Arp2/3 inhibitor 
CK666 at 30 minutes post-fertilization and fixed for immunostaining when untreated 
control cells divided to the 2 cell stage (see Chapter 6.6). CK-666 inhibits cytokinesis in 
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cleavage stage L. pictus embryos. Zygotes treated with CK-666 showed three 
phenotypes: round binucleate cells (second panel), kidney-shaped binucleate cells (third 
panel), and peanut-shaped binucleate cells (third panel). Despite the inhibition of 
cytokinesis in these cells, actin recruitment to the contractile ring at the cell equator can 
be seen (arrows). Scale bar represents 25µm. B) Zygotes were treated with either ML-7, 
CK-666, or ML-7 + CK-666 and fixed for immunostaining when untreated, DMSO 
control embryos reached the 2 cell stage. Inhibition of Arp2/3 in ML-7 treated zygotes 
results in a decrease in the number of comets observed. C) This decrease was quantified 
by counting the number of comets observed per embryo. Inhibition of Arp2/3 in ML-7 
treated zygotes led to a significant decrease in the number of actin comets formed 
(****p<0.0001).  
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Figure 2.2.11. GM1-containing lipid rafts are endocytosed in a clathrin-independent 
manner. Embryos labeled with 488-CTB were fixed during mitosis and immunostained 
for clathrin. A) Immunofluorescence assays revealed clathrin-coated vesicles (red) 
throughout the cytoplasm of dividing zygotes. These vesicles did not colocalize with 
CTB-labeled vesicles (green) observed during cell division. Scale bars represent 25µm. 
B) The number and colocalization of CTB and clathrin labeled vesicles was quantified in 
the embryos imaged (n=27). On average, fewer clathrin-coated vesicles (4.8±0.7) were 
observed per embryo compared to CTB-labeled vesicles (16.6±1.9). No colocalization of 
CTB and clathrin was observed in any of the embryo cultures.  
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Figure 2.2.12. GM1-containing lipid rafts are endocytosed independently of fluid 
phase endocytosis. Embryos were labeled with 488-CTB and incubated with Rhodamine 
dextran to observe fluid phase endocytosis as described in Chapter 6.7. A) Vesicles 
containing rhodamine-labeled dextran (red) were found throughout live cells during both 
interphase (first and second panels) and dividing (third panel) zygotes. These vesicles did 
not colocalize with CTB-labeled vesicles (green). Scale bars represent 10µm. B) 
Quantification of the average number of vesicles per embryo revealed that there were 
more CTB-labeled vesicles (81.1±3.6) than dextran-containing vesicles (29.2±1.2) in the 
embryos observed (n=40). No colocalization of CTB and dextran was observed in any of 
the embryo cultures.  
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Chapter 3. New Membrane Addition Causes Polar Expansion During Cytokinesis 
 
3.1. Introduction 
 The study of cytokinesis has occupied the interests of cell biologists since 
the 19th century.  While the motile force for cytokinesis has been identified as the acto-
myosin based contractile ring, there has been a long history of thought that membrane 
expansion plays a key role in the process (Wilson, 1928); (Swann and Mitchison, 1958).  
Studies involving the adherence of kaolin or charcoal particles to the surface of a dividing 
a cell, which were then tracked by eye, suggest a stretching of the plasma membrane at 
the polar regions of the cell (Figure 3.1.1) (Dan, et al., 1937; Dan, et al., 1938; Ishizaka, 
1958). The observation that this membrane movement occurred at the same time as a 
shrinking of the membrane at the furrow region, led to the idea that these events were a 
driving force behind cell division (Wolpert, 1960; Swann and Mitchison, 1958). These 
findings led to Wolpert’s “polar relaxation” theory, which proposes that the expansion 
seen at the poles is caused by a signal from astral microtubules and that this relaxation at 
the poles allows for the contraction of membrane at the furrow region, thus initiating the 
ingression of the cleavage furrow (Wolpert, 1960). More recent studies have confirmed 
the movement of proteins anchored in the plasma membrane inward toward the furrow 
during cell division (Wang, et al., 1994; Fishkind, et al., 1996). In fact, there are also 
reports on the expansion of the cortex as well as the membrane at the poles and 
movement of cortical actin toward the forming contractile ring (DAN, 1954); (Cao and 
Wang, 1990). Subsequently, the experiments of Rappaport supporting the competing 
equatorial stimulation model shifted the discussion of cell division (Rappaport, 2005).  
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Currently, it is believed that both polar relaxation and equatorial stimulation work in 
conjunction to drive cytokinesis.  
Recent work on membrane trafficking during cytokinesis has focused on the 
addition of new plasma membrane at the advancing cleavage furrow late in cytokinesis 
and on abscission events (McKay and Burgess, 2010; Neto, et al., 2011) (Albertson, et 
al., 2005; Albertson, et al., 2008; Montagnac, et al., 2008). Early work using electron 
microscopy of furrows in amphibian embryos and mammalian cells show the 
accumulation of vesicles at the ingressing furrow during the later stages of cytokinesis, 
similar to what is observed in plant cell division (Buck and Tisdale, 1962); (Bluemink 
and De Laat, 1973) (Porter and Caulfield, 1958). New membrane addition in the furrow 
as a late event has also been observed in echinoderm embryos as well as in C. elegans 
and mammalian cells (Shuster and Burgess, 2002; Bluemink and De Laat, 1973); 
(Wilson, et al., 2005; Gromley, et al., 2005); (Skop, et al., 2001).  Subsequent work on 
genetic model systems has confirmed and expanded these studies to reveal the roles of 
both Golgi trafficking and the recycling endosome in the  trafficking of vesicles to the 
cleavage furrow (for review see (McKay and Burgess, 2010);(Albertson, et al., 2005; 
Neto, et al., 2011). Thus, while new membrane addition at the furrow has been 
established, the nature of membrane expansion at the polar regions during cytokinesis 
remains unclear.  
 Here, we revisit the question of polar expansion during cytokinesis.  Our previous 
studies showed dramatic movements of membrane rafts containing signaling molecules 
toward the furrow (Ng, et al., 2005). We wished to reconcile our earlier studies on the 
movement of lipid raft containing membrane to the furrow with the lack of mobility of 
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lipid rafts observed in FRAP experiments (see Chapter 2) (Alford, et al., 2009); (Ng, et 
al., 2005). Using cholera toxin subunit B as a marker for the plasma membrane, we 
document the expansion of the plasma membrane at the polar regions of the cell during 
division, likely due to new membrane being inserted into the plasma membrane at the 
poles. New membrane addition at the poles is dependent on anaphase onset and astral 
MTs, which are known to reach the poles prior to the equatorial cortex.  This new 
membrane is compositionally unique from the original zygotic membrane and is added 
significantly earlier during cytokinesis than the new membrane that is added after mitotic 
exit at the cleavage furrow. Our findings suggest that polar expansion via the addition of 
new membrane forces the original cell membrane containing lipid rafts to flow into the 
furrow during cytokinesis. It is likely that the inward inflection of the furrow is due to the 
joint action of the contractile ring and the pushing forces of the plasma membrane from 
the pole toward the equatorial region.  
 
3.2. Results  
3.2.1 New Membrane Addition Occurs at the Cell Poles During Cytokinesis 
 In order to reconcile the facts that GM1-containing membrane flows to the 
forming furrow and yet it is immobile (as discussed in Chapter 2), we further analyzed 
membrane movements and addition during cell division.  Since we were unable to 
perform FRAP experiments during cytokinesis due to the movement of the plasma 
membrane, Z-stack time-lapse series were taken in order to observe the movement of 
CTB-labeled membrane during cytokinesis. Embryos were stained with 488-CTB for 30 
minutes prior to mitosis, washed three times with CaFSW, and images were taken every 
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30 seconds for 30 minutes through cell division with z-stack slices taken every 0.5µm for 
a total of 10µm at each time point through the mid zone of the cell. As previously 
reported, CTB-labeled lipid rafts were observed moving into the ingressing cleavage 
furrow, then migrating out of the furrow after ingression was completed due to new 
membrane being inserted into the late furrow region (Figure 3.2.1A, Movie 3.2.2) 
(Alford, et al., 2009).  
 Older studies were interpreted to show the plasma membrane stretching or 
thinning at the cell poles during cytokinesis (Wolpert, 1960; Dan, et al., 1937; Dan, et al., 
1938; Dan and Dan, 1940; DAN and ONO, 1954; Mitchison, 1952). Upon further 
observation of time-lapse z-stacks of CTB-labeled embryos, it was found that large 
patches of membrane devoid of CTB staining appeared and expanded at the cell pole, due 
to plasma membrane appearing that was lacking lipid rafts, thus decreasing the overall 
fluorescence intensity at polar regions of the zygote (Figure 3.2.1A, arrows). Thus, while 
the older ideas of stretching or thinning of the membrane are worth considering, it is most 
likely that expansion of the plasma membrane at the cell pole is due to new membrane 
addition. 
This addition of new membrane caused a decrease in the intensity of fluorescence 
at the cell pole, allowing the amount of expansion to be quantified by measuring the 
change in fluorescence intensity at the cell pole throughout the cell cycle. The 
fluorescence intensity decreased significantly from early anaphase through late telophase, 
increasing slightly after the completion of abscission (Figure 3.2.1B). This decrease in 
fluorescence intensity at the poles occurred simultaneously with the accumulation of 
CTB-labeled lipid rafts at the furrow (Figure 3.2.1)  (Ng, et al., 2005). Interestingly, the 
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decrease in fluorescence during the cell cycle was not due to a diffusion or dilution of 
GM1 as the membrane stretched, but rather the addition of membrane at the poles 
completely devoid of 488-CTB staining (Figure 3.2.1A). These regions expanded during 
furrow ingression, suggesting continued membrane addition, and appeared to force the 
original cell membrane marked by 488-CTB to accumulate and migrate into the cleavage 
furrow (Movie 3.2.2). These findings suggest that there is not a global stretching of the 
plasma membrane as previously theorized, but rather a targeted addition of new 
membrane at the polar regions that is the source of some of the increase in surface area 
required for cytokinesis, as well as the movement of CTB-labeled lipid rafts towards the 
cleavage furrow. 
 In order to quantitate the movement of lipid rafts caused by the addition of new 
membrane, spots of CTB-labeled membrane were tracked during cytokinesis at the cell 
poles as well as the equator. Kymographs were made for the polar and equatorial regions 
of the zygote and spots of CTB staining that remained in this plane for the majority of the 
time-lapse were tracked. As the cell elongated, new membrane was added to the polar 
region, forcing CTB-labeled domains outwards towards the equator of the cell (Figure 
3.2.3A). Once the furrow had ingressed completely and new membrane began to be 
added to the cleavage plane, the spots moved back towards the pole (Figure 3.2.3A). The 
velocity of movement increased during cytokinesis, from 7.7±0.5nm/sec during anaphase 
to 16.4±1nm/sec during furrow ingression, then decreased slightly to 12.7±0.9nm/sec 
during the phase during which new membrane is added to the late furrow (referred to 
here as furrow regression)  (Figure 3.2.3B). At the equator, CTB-labeled membrane 
domains moved inward as the furrow ingressed during cytokinesis, which correlated with 
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the expansion of the polar regions (Figure 3.2.3A). The velocity of these domains 
increased significantly during cytokinesis as well (9.4±0.7nm/sec during anaphase, 
22.9±1nm/sec during furrow ingression), remaining high (22.3±1.1nm/sec) as they were 
forced back out towards the cell shoulder when new membrane was added to the cleavage 
furrow during the later stages of cytokinesis (Figure 3.2.3B). These results suggest that 
the addition of new membrane at the poles forces original cell membrane away from the 
poles toward the furrow, causing the movement of GM1-containing lipid rafts to the 
furrow as previously described (Ng, et al., 2005). During furrow regression, the original 
membrane is pushed back out of the cleavage furrow as new membrane is added at the tip 
of the cleavage furrow upon the completion of cytokinesis. However, even after 
completion of cytokinesis, there remain patches of new membrane in the polar region 
(Figure 3.2.1A, far right panel). 
 Polar membrane expansion began at anaphase at a time when astral MTs reach the 
poles and continued through telophase (Figure 3.2.1A and Movie 3.2.2). The timing of 
new membrane addition was calculated for each experiment and then averaged. This 
membrane addition event is significantly shorter (5.8±0.3 min., Figure 3.2.1B arrows) 
than new membrane addition at the furrow in late cytokinesis (6.9±0.4 min., Figure 
3.2.1B arrowheads). A 4 minute time span was observed between when polar expansion 
ended and new membrane addition to the furrow began. These results show that there are 
two spatially and temporally separate membrane addition events that occur during 
cytokinesis.  
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3.2.2. Polar Membrane Addition Is Dependent on Actin and Astral Microtubules 
 Membrane addition at the furrow during cytokinesis has been shown to be 
dependent on astral microtubules (Shuster and Burgess, 2002). To determine whether 
astral microtubules are required for polar membrane expansion, embryos labeled with 
488-CTB were treated with urethane, which causes catastrophe of the astral microtubules, 
and observed for 45 minutes beginning at the start of metaphase. Urethane has been 
shown to increase catastrophe of MTs preventing them from reaching the cell cortex and 
inducing a furrow but still allows the cell cycle to progress and mitosis to occur 
(Strickland, et al., 2005); (Rappaport, 1971). Zygotes treated with urethane show 
significantly less new membrane addition at the poles as exhibited by a decrease in 
average fluorescence intensity of 18.3±2%, while control zygotes have an average 
fluorescence intensity decrease of 49.6±2.2% (Figure 3.2.4) and the patches of unlabeled 
membrane appearing at the poles were much smaller. Actin was also found to be 
necessary for polar membrane addition, as zygotes treated with Cytochalasin D prior to 
mitosis showed less new membrane addition at the poles, with a fluorescence decrease of 
20.5±2.6% (Figure 3.2.4). These results suggest that both astral microtubules and actin 
are necessary for new membrane addition at the poles during anaphase.  
 Brefeldin A (BFA), an inhibitor of vesicle trafficking from the endoplasmic 
reticulum (ER) to the Golgi apparatus, treated  zygotes successfully divided and showed 
similar polar membrane addition (decrease in average fluorescence intensity of 
53.5±3.3%) to controls (Figure 3.2.4). These results are similar to those observed for 
membrane addition at the cleavage furrow in sea urchin embryos (Shuster and Burgess, 
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2002). Therefore, both membrane addition events during cytokinesis are independent of 
ER to Golgi vesicle trafficking.  
 
3.2.3. New Membrane Is Distinct from Old Membrane  
 To determine if the new membrane added at the poles during cytokinesis contains 
membrane rafts, cells were initially pulse labeled with 488-CTB as above, and then 
continuously labeled with CTB conjugated to an Alexa 555 fluorophore (555-CTB) 
during cytokinesis. If the new membrane inserted at the polar regions originated from a 
population of previously endocytosed membrane containing GM1 or new GM1-containing 
membrane appearing via exocytosis, we would predict membrane domains solely labeled 
with 555-CTB and the intensity of 555-CTB to remain stable or increase throughout 
cytokinesis. However, if the membrane is from internal membrane stores devoid of GM1, 
the intensity of 555-CTB would be similar to that of 488-CTB – decreasing during 
anaphase when new membrane is added. Likewise, if there were new GM1 containing 
membrane added during cell division, it would be labeled only with 555-CTB.  Prior to 
anaphase, we found the plasma membrane is co-labeled with both 488-CTB and 555-
CTB (Figure 3.2.5A). Areas devoid of both 488 and 555-CTB labeling were observed at 
the poles and the decrease in fluorescence intensity at the poles of 555-CTB was similar 
to that seen with 488-CTB (51.1±2.3% and 61.6±6.1% respectively, Figure 3.2.5B). The 
similarity in the fluorescence decrease between the pulse labeled 488-CTB and the 
continuously labeled 555-CTB show that the decrease in polar fluorescence seen in pulse 
labeling experiments is not due to a bleaching of the fluorescent signal or a loss of 
labeling over time, but a result of the addition of new, unlabeled membrane. While the 
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majority of new membrane was devoid of CTB staining, there was some addition of new 
GM1-containing membrane during cytokinesis as detected by staining with 555-CTB 
only, especially in the new furrow membrane (Figure 3.2.5A arrowhead and Movie 
3.2.6). These findings suggest that the majority of new membrane that is added during 
cytokinesis is devoid of GM1, thus being distinct from the pre-mitotic cell plasma 
membrane in its composition and origin. 
 
3.2.4. GM1 Is Found in Microvilli 
 PtK2 cells, a mammalian kidney epithelial cell line, do not round up in prophase, 
but instead remain flattened until anaphase. The number of microvilli present in these 
cells increases during this process, remaining high until throughout cell division. Upon 
the completion of cytokinesis, the cells flatten and the number of microvilli significantly 
decreases at the cell poles (Sanger, et al., 1984). It has been suggested that the appearance 
and disappearance of microvilli may be a method to regulate cell shape and size by 
membrane re-organization (Sanger, et al., 1984; Schroeder, 1978). In order to determine 
if microvilli could be the source of polar membrane addition, we wanted to ascertain if 
GM1 containing lipid rafts are found in the microvilli of sea urchin embryos. Sea urchin 
microvilli are very small, averaging 1/10µm thick, and hard to image as they are 
constantly moving in the surrounding sea water. Using a 63X water objective on a high 
zoom of 6.5, we were able to observe microvilli labeled with 488-CTB (Figure 3.2.7 and 
Movie 3.2.8). GM1 containing microvilli were most noticeable 50-60 minutes post-
fertilization (10 minutes prior to the onset of mitosis), when microvilli in certain sea 
urchin species have been shown to elongate (Schroeder, 1981). This may be due to the 
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fact that the microvilli are longer and thus more easily observed, or that lipid rafts are 
moved into the longer microvilli during this phase of the cell cycle in preparation for cell 
division. Z-stack movies were taken in order to observe these microvilli in more detail 
over time. CTB-labeling appears to be highly dynamic within the microvilli, with the 
strongest labeling at the tips as well as the base of the microvilli (Figure 3.2.7 and Movie 
3.2.8, arrowheads); however we cannot discount the possibility that we are unable to 
observe certain labeling due to the small size and active nature of these structures. 
Unfortunately, the active nature of the microvilli – elongating and shortening as well as 
moving in and out of the plane of focus – prohibits further imaging analysis and FRAP of 
CTB labeling. These results, in addition to previous findings regarding microvilli 
dynamics in sea urchin embryos, suggest that microvilli do not contribute to the new, 
GM1-free membrane added at the cell poles during anaphase.  
 
3.2.5. Rab11 Is Present at the Cell Pole During Cytokinesis 
 Rab11 is a small GTPase that is involved in vesicle trafficking from the recycling 
endosome (Ullrich, et al., 1996). Previous studies have shown that Rab11 is trafficked 
along microtubules and is necessary for the completion cytokinesis through the delivery 
and fusion of vesicles to the ingressing cleavage furrow (Skop, et al., 2004; Pelissier, et 
al., 2003; Riggs, et al., 2003; Wilson, et al., 2005; Mammoto, et al., 1999). In order to 
determine if Rab11 vesicles are present at the polar cell membrane during cytokinesis, 
zygotic embryos were fixed during anaphase and immunostaining for Rab11 was 
performed. Rab11 vesicles were observed at the cell pole during mid to late anaphase 
(Figure 3.2.9A), corresponding to the time when new membrane addition occurs in this 
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region (Figure 3.2.1). These vesicles were observed along microtubules and were also 
discovered at the cleavage furrow during the later stages of cytokinesis (Figure 3.2.9A). 
Rab11-labeled vesicles did not co-localize with previously endocytosed CTB-labeled 
GM1 (Figure 3.2.9B and C), leading to the possibility that the exocytosis of Rab11-
containing vesicles could be the source of the new, GM1-free membrane added to the 
poles during cell division. 
 
3.3. Discussion  
 The surface area of a dividing cell must increase in order for the successful 
division of one cell into two daughter cells, however the mechanism of this expansion 
was uncertain (Wolpert, 1960; DAN and ONO, 1954). In spherical, non-adherent cells, 
such as echinoderm embryos, the cell surface must increase 28% in order to divide into 
two spherical cells maintaining the same cell volume (Wolpert, 1960). Recent studies 
strongly suggest a major source of this new membrane is due to membrane addition in the 
furrow region (McKay and Burgess, 2010); (Schiel and Prekeris, 2010; Albertson, et al., 
2005; Neto, et al., 2011; Montagnac, et al., 2008). In sea urchin embryos, this addition is 
dependent on microtubules thought to be used in trafficking vesicles to the furrow as well 
as syntaxins necessary for vesicle docking and fusion (Shuster and Burgess, 2002; 
Conner and Wessel, 1999). Largely ignored is the older idea that the membrane at the 
polar cell surface expands during cell division, resulting in movement of the membrane 
and cortex toward the equatorial zone. Our results showed an addition of new membrane 
at the poles early in cytokinesis, accounting for the expansion of the plasma membrane 
during mid to late anaphase and coincident bulk movement of the membrane toward the 
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advancing furrow. This new polar membrane was easily observed as it does not contain 
CTB-labeled lipid rafts and thus it is compositionally distinct from the original post 
fertilization membrane. The addition of membrane at the poles occurs significantly earlier 
in cell division than membrane addition at the furrow and thus constitutes a spatially and 
temporally distinct membrane addition event. 
 Membrane addition in mammalian cells remains unclear. In adherent mammalian 
cells, the cell surface area must decrease as the cell rounds up in preparation for division 
(Boucrot and Kirchhausen, 2007; Schweitzer, et al., 2005b). In HeLa cells, the loss of cell 
surface area occurs via decreased exocytosis early in mitosis, causing the formation of an 
internal store of membrane vesicles. One report suggests that during anaphase and 
telophase these vesicles are inserted into the polar regions (Boucrot and Kirchhausen, 
2007). However, another study found that the plasma membrane area decreases due to 
endocytosis at the polar regions of the cell during anaphase and telophase, and the 
vesicles are then shuttled to the ingressing cleavage furrow late in cytokinesis 
(Schweitzer, et al., 2005b). PtK2 cells, on the other hand, do not round up until telophase, 
flattening out again after the cell divides. These cells exhibit a loss of microvilli at the 
polar regions upon the completion of cytokinesis, suggesting that the expansion at the 
poles necessary for such changes in cell shape may be due to the flattening of microvilli 
on the polar cell surface (Sanger, et al., 1984). Sea urchin embryos provide a unique 
opportunity to study the role of polar expansion during cell division in a cell which does 
not undergo dramatic changes in cell shape prior to mitotic entry. It has been postulated 
that the formation or flattening of microvilli may be used by cells to quickly reduce or 
expand the surface area of the cell (Sanger, et al., 1984; Schroeder, 1978). In sea urchin 
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embryos, where the cells are never flattened and remain spherical, an elongation of 
microvilli occurs prior to mitosis (Schroeder, 1978). However, the microvilli remain 
elongated through the next cell cycle and are therefore most likely not used for increasing 
the cell’s surface area during division (Schroeder, 1978). Previous studies have found that 
certain types of lipid rafts are found in the brush border microvilli of endothelial cells 
(Danielsen and Hansen, 2003; Roper, et al., 2000). Our results build on these findings, 
showing that GM1-containing lipid rafts are found in the microvilli of sea urchin embryos 
and therefore these structures are most likely not the source of polar membrane addition 
during cytokinesis. These results suggested that the new membrane may originate from 
internal vesicle stores being exocytosed during anaphase. While we found the expansion 
of the polar regions by new membrane addition to be independent of vesicle trafficking 
between the ER and Golgi apparatus, it appears that vesicles originating from the 
recycling endosome, as labeled by Rab11, are trafficked to the cell poles during 
anaphase. This result is consistent with the idea that the new, GM1-free membrane added 
to the cell poles during cell division may be added through Rab11-mediated exocytosis.   
 We find that CTB labeled membrane moves rapidly into the furrow during furrow 
ingression, with equatorial membrane moving as fast as 22.9±1nm/sec (Figure 3.2.3). 
While it is possible that this raft containing is moved by molecular motors such as dynein 
and kinesin, we do not believe this to be the case. In vitro measurements of motor 
velocities range, with kinesin being measured at 1.2 to 3µm/sec (Alberts, et al., 2002; 
Trinczek, et al., 1999; Ratner, et al., 1998; Hirokawa, 1998) and dynein measured from 
1µm/sec to as fast as 14µm/sec (Alberts, et al., 2002; Trinczek, et al., 1999). The 
molecular motor nonmuscle myosin II has also been measured moving at a rate of 
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1µm/sec and been shown to move actin bundles at 0.3µm/sec relative to one another 
(DePina, et al., 2007). Given these previous findings and the fact that the CTB-labeled 
membrane domains move an order of magnitude faster, we believe that the membrane is 
moving due to the forces other than molecular motors. 
In addition, our results show that membrane addition at the pole pushes the 
original, CTB-labeled cell membrane towards the cleavage furrow, possibly delivering or 
reorienting actin, myosin, or signaling molecules associated with the membrane cortex 
for the formation and action of the contractile ring. Such a pushing mechanism is possible 
due to the finding that the rafts themselves are immobile in the membrane and thus are 
forced to move in bulk toward the furrow. The original raft-containing plasma membrane 
is then forced out of the furrow during late telophase due to new membrane addition via 
exocytosis in the late furrow leaving the new cell surface facing daughter cells free of 
CTB labeling (Alford, et al., 2009). Since the large raft free patches in the poles diminish 
in size during the phase where the membrane is added to the furrow, it is likely that there 
is a period of compensatory endocytosis of the raft free patches at the poles.  
 This work suggests that the original hypotheses that membrane expansion and 
relaxation of the poles are an important component for cytokinesis warrant further 
consideration.  Results presented here suggest that bulk movement of the membrane from 
the poles toward the furrow, driven by insertion of large patches of new membrane at the 
poles, may be one driving force for cytokinesis. This MT and actin-dependent membrane 
expansion at the polar regions occurs after anaphase onset and happens significantly 
earlier in cell division than membrane addition at the furrow. How this addition is 
temporally and spatially regulated awaits further analysis. 
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Figure 3.1.1. Measurements of polar membrane expansion. Kaolin or quartz particles 
were adhered to the surface of dividing sea urchin embryos. Membrane expansion was 
measured by calculating the distance between two particles attached to the polar cell 
surface, and is shown as a percent increase over time (y axis). The images on the top 
represent the cell stages at which the measurements were taken and the drawings on the 
right show the positions of the particles observed. An expansion of the membrane of 20% 
was seen at the polar regions beginning during cell elongation (anaphase), leveling off 
during mid cytokinesis. The distance between the particles decreases during the final 
stages of cell division, resulting in a net increase in surface area of 10% at the cell pole. 
(Reprinted from Dan, et al. 1937.) 
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Figure 3.2.1. The plasma membrane expands at the polar regions while compressing 
at the equatorial regions. Embryos were labeled with 488-CTB and imaged during 
mitosis and cytokinesis (see Chapter 6.3). (A) New membrane was added at the polar 
regions as shown by the expansion of areas of unlabeled membrane (arrows) during 
anaphase and telophase. Scale bar represents 25µm. (B) Fluorescence intensity values at 
the pole or equator of zygotes pulse stained with 488-CTB for 20 minutes prior to mitosis 
were obtained and graphed. The AFI decreased 49.6±2.2% at the poles (n=12 embryos, 
14 regions) during anaphase, reaching the maximum decrease at full furrow ingression. 
At the equator (n=12 embryos, 23 regions), fluorescence intensity increased 27±2.9% 
prior to cytokinesis, then decreased during furrow invagination. Time is presented in 
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minutes after metaphase onset. Arrows represent the timing of new membrane addition at 
the poles. Arrowheads represent the duration of new membrane addition at the furrow.  
 
 
 
 
 
 
 
 
 
Movie 3.2.2. Polar membrane expansion occurs as the zygote elongates in 
preparation for cytokinesis. A representative 3D maximum projection of a 10µm series 
of stacks through the middle of a cell was made of a zygote during cytokinesis pulse 
labeled with 488-CTB during interphase (see Chapter 6.3).  Z-stack images were taken 
every 30 seconds for 30 minutes during cell division. The 3D maximum projection has 
been rotated to observe the cell pole (left) and equator (right) of the same cell during cell 
division. GM1 does not fully regress from the furrow region in this cell, as previously 
reported (Ng, et al., 2005; Alford, et al., 2009) due to the plane of focus of the z-stack. 
(See external file.) 
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Figure 3.2.3. Rate of movement of CTB stained lipid rafts increases during early 
cytokinesis and is higher in the equator than at the poles. Kymographs were made of 
488-CTB labeled embryos from metaphase through cytokinesis (see Chapter 6.3). (A) 
Kymographs of polar and equatorial membrane regions. The y-axis is the distance over 
the width of the representative square (scale bar represents 10 µm).  Each section 
(horizontal bar) is a maximum projection of the z-stack at that 30 second timepoint over 
the course of 30 minutes. Regions of the cell made into kymographs are shown as white 
boxes in the image on the right (scale bar represents 25µm). Pole: Kymographs from a z-
stack time-lapse of a 488-CTB pulse labeled zygote show CTB stained domains moving 
outward from the pole (arrow identifies onset of cytokinesis), retracting back in the final 
stages of cell division (arrowhead). Equator: CTB-labeled domains migrated into the 
ingressing furrow coincident with migration of rafts from the poles. Spots were pushed 
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back outwards toward the poles when new membrane addition began late in furrowing at 
the tip of the ingressed furrow. (B) CTB-labeled spots at the cell pole or equator were 
tracked during cell division (n=14 cells) and the average velocity values of the spots were 
calculated. The velocity of the CTB-labeled spots increased significantly during furrow 
ingression (furrow formation to full ingression) and remained high during furrow 
regression (full ingression to 2 cells stage) compared to anaphase. (****p<0.0001). Error 
bars represent SEM.  
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Figure 3.2.4. New membrane addition at the poles is dependent on actin and astral 
microtubules. Embryos were labeled with 488-CTB and treated with inhibitors of astral 
microtubule polymerization (urethane), actin polymerization (Cytochalasin D), or ER to 
Golgi trafficking (Brefeldin A). A) Fluorescence intensity values at the poles were 
obtained for CTB-labeled cells during cytokinesis and graphed. Control embryos showed 
a decrease in fluorescence intensity at the poles representing new membrane addition 
(green). Mitotic zygotes lacking astral microtubules (red) or actin (blue) showed 
significantly less new membrane addition at the polar regions as shown by a constant 
level of fluorescence intensity throughout mitosis and cytokinesis. Time is presented in 
minutes after metaphase onset. B) New membrane addition was quantified as the 
decrease in fluorescence at the polar regions during cell division. Control embryos 
showed a decrease of 49.6±2.2% due to new membrane being added that is devoid of 
CTB staining. Zygotes treated with urethane or cytochalasin D showed significantly less 
decrease in fluorescence at the poles (18.3±2% and 20.5±2.6% respectively, 
****p<0.0001) during division due to a lack of polar new membrane addition.  
78 
 
 
Figure 3.2.5. New membrane is distinct from original cell membrane. Zygotes were 
pulse labeled with 488-CTB during interphase, then continuously labeled with 555-CTB 
throughout cell division (see Chapter 6.3). A) Addition of new membrane at the cell pole 
distinct from the original cell membrane is evidenced by the expansion of areas devoid of 
488-CTB (green) and 555-CTB (red) staining (arrows). Some new membrane containing 
GM1 (red) was seen at the ingressing furrow during late cytokinesis (arrowhead). Scale 
bar represents 25µm. B) Quantification of the decrease in fluorescence intensity at the 
polar regions during anaphase and cytokinesis. Both the pulse-labeled 488-CTB staining 
and the 555-CTB staining equally decreased at the cell poles (51.1±2.3% and 61.6±6.1% 
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respectively) during cell division, showing that new membrane added at the cell poles is 
distinct from the original zygotic membrane.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Movie 3.2.6. New membrane added during cytokinesis is distinct from the original  
cell membrane. Zygotes were pulse stained with 488-CTB for 30 minutes then 
continuously stained with 555-CTB to observe new membrane addition. A 3D maximum 
projection of a 10µm series of stacks through the middle of a cell was made of a zygote 
during cytokinesis and was rotated to observe the polar cell surface during cell division. 
(See external file.) 
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Figure 3.2.7. GM1-containing lipid rafts are found in microvilli. Microvilli were 
observed on the surface of L. pictus zygotes using a 63X water immersion lens under 
high zoom. These images show microvilli under DIC (left panels) and labeled with 488-
CTB (right panels) to observe lipid rafts. Lipid rafts are observed in microvilli (arrows), 
and are enriched at the tip and base of long microvilli (arrowheads). Scale bar represents 
10µm.  
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Movie 3.2.8. Microvilli of sea urchin zygotes contain lipid rafts. Embryos were 
labeled with 488-CTB and imaged every 30 seconds for 30 minutes under high 
magnification. Microvilli labeled with 488-CTB can be seen moving in and out of the 
plane of focus. (See external file.) 
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Figure 3.2.9. Rab11 vesicles are trafficked during anaphase and do not contain GM1. A) 
Mitotic zygotes were immunostained for Rab11 (red), β-tubulin (green), and DNA (blue) (see 
Chapter 6.6). Rab11 vesicles were observed throughout the cytoplasm (top panels) as well as at 
the cell poles during mid anaphase (bottom panels), during the time of new membrane addition 
in this region. Scale bars represent 10µm. B) Rabb 11 vesicles are also observed at the ingressing 
cleavage furrow later in cytokinesis and are found along microtubules. Scale bars represent 
10µm. C) Zyogtes were labeled with 488-CTB prior to fixation and immunostaining for Rab11. 
Rab11 labeled vesicles are devoid of GM1 and are thus not involved in lipid raft recycling. Scale 
bars represent 10µm. D) The number of vesicles labeled with either 488-CTB or Rab11 were 
counted to quantify colocalization. There was no colocalization (0.3265±0.08445) of Rab11 
(65.27±3.303) and CTB (44.37±2.801) vesicles in sea urchin zygotes (n=49).   
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Chapter 4. Conclusions and Future Directions 
 Cytokinesis is the fundamental process of cell division where a single mother cell 
is separated into two daughter cells. Using cholera toxin subunit B as a marker for the 
plasma membrane, I have found that there is a bulk movement of the cell membrane 
during mitosis and cytokinesis, resulting in successful abscission. This movement of the 
plasma membrane originates with the addition of new membrane to the polar regions of 
the cell during anaphase. This event forces the original mother cell membrane towards 
the cell equator in preparation for cleavage furrow formation. Once cytokinesis begins, 
the membrane is pulled into the cleavage furrow, moving the membrane further away 
from the poles. At the later stages of cytokinesis, new membrane addition begins at the 
tip of the ingression cleavage furrow (for a review see Chapter 1.3). This causes the 
plasma membrane to retract, leaving the apical, or free cell surface, labeled with CTB 
similar to the mother cell, and the basolateral, or cell-cell contact surface, free of GM1 
and compositionally unique. While some areas of polar new membrane addition remain 
after cell division, the majority is removed during the furrow regression. These data shed 
new light on the old question of how the plasma membrane expands during cell division 
to create two fully enclosed new cells.  
 Lipid rafts are important for multiple cellular processes including signaling, 
migration, and cell polarity (Simons and Toomre, 2000; Hanzal-Bayer and Hancock, 
2007). Previous studies from our lab have shown that CTB-labeled lipid rafts are 
dynamic during cytokinesis, migrating into the cleavage furrow during ingression, then 
moving back out during abscission (Ng, et al., 2005; Alford, et al., 2009). Work in other 
model systems has shown that lipid rafts are immobile within the plasma membrane 
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during interphase (Wolf, et al., 2008; Lajoie, et al., 2007; Guo, et al., 2010; Kenworthy, 
et al., 2004). In order to reconcile these seemingly conflicting results, I set out to quantify 
the mobility of GM1-containing lipid rafts in the plasma membrane of cleavage stage sea 
urchin embryos. Lipid rafts remained immobile throughout the cell cycle (Figure 2.2.1). 
The organization of lipid rafts has been shown in mammalian cells to be dependent on 
actin (Liu and Fletcher, 2006); however, I found raft mobility to remain low after actin 
depolymerization and to increase only upon the inhibition of MLCK. While myosin was 
found to be associated with lipid rafts, MLCK was not, suggesting that the effect of 
MLCK inhibition on lipid raft mobility was not due to a direct interaction between the 
kinase and rafts (Figure 2.2.4). Upon further investigation, I found that MLCK inhibition 
led to the dramatic reorganization actin filaments causing the formation of Arp2/3-
mediated actin comets (Figure 2.2.10). This raises the possibility that the increase in lipid 
raft mobility upon ML-7 treatment is due to actin filament disruption instead of a myosin-
mediated pathway. Future studies observing lipid raft mobility and comet formation upon 
treatment of embryos with ML-9, a less potent MLCK inhibitor similar to ML-7, would 
be informative. In order to see if actin comet formation is specific to MLCK inhibition or 
due to its effects on myosin phosphorylation, embryos should be injected with Lifeact-
GFP to observe F-actin and treated with a ROCK inhibitor such as H1152. If actin comets 
are observed with H1152 treatment, then the general inhibition of myosin 
phosphorylation can lead to the redistribution of actin into comets. On the other hand, if 
no comets are seen, then this phenotype may either be specific to MLCK inhibition or 
may be due to non-specific targets of ML-7, which would warrant further investigation. 
A similar experiment that should be performed would be to observe F-actin dynamics in 
85 
 
embryos injected with a kinase dead version of MLCK to ensure that the effects seen 
upon small molecule inhibitor treatment are specific to MLCK inhibition and not due to 
non-specific targeting by ML-7.      
 The observation of actin comet formation upon ML-7 treatment is novel and 
warrants further study. My findings suggest that these F-actin comets are mediated by 
Arp2/3 nucleation (Figure 2.2.10). Unfortunately, I have been unable to find an Arp2/3 
antibody for use in sea urchin embryos. Personal communication with a colleague who 
has used Arp2/3 antibody in urchin coelomocytes revealed that commercial antibodies 
can be used to observe Arp2/3 in lamellipodia, however embryo staining appears diffuse. 
I found this to be the case in L. pictus zygotes and 2 cell stage embryos and was unable to 
observe distinct Arp2/3 staining in fixed ML-7 treated embryos (data not shown). The 
creation of an Arp2/3 antibody or the development of a live cell marker, such as a GFP-
tagged Arp2 or Arp3 subunit, would add evidence to the theory that these comets are 
Arp2/3 mediated. Further studies could then be designed to ascertain the signaling 
pathway behind Arp2/3 activation after ML-7 treatment, which would enhance our 
knowledge of how ML-7 works within these cells, aiding in the design of future, 
unrelated experiments.  
 Studies in mammalian cells have shown that while some GM1 is endocytosed via 
fluid phase- and clathrin-dependent pathways, a subset is endocytosed independently 
(Kirkham and Parton, 2005). We have found that GM1 containing lipid rafts in sea urchin 
embryos are not endocytosed through either of these mechanisms (Figure 2.2.11 and 
2.2.12). A third possibility is that these rafts are endocytosed by caveolin, however we 
were unable to find a caveolin antibody for use in L. pictus embryos. It is possible that 
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GM1 endocytosis is mediated by clathrin or caveolin budding and that GM1 is then sorted 
out of these vesicles later in the endocytic pathway. As the embryo divides through 
blastula (data not shown; personal observations of Heather Gudejko and Kathleen 
Moorhouse), GM1 remains localized to the apical cell surface of the blastomeres, 
therefore the percent of membrane containing these lipid rafts decreases as the embryo 
develops. This maintenance of apical localization suggests that GM1-contaning lipid rafts 
may play a role in successful embryonic development; however additional experiments 
must be performed to show a clear role for the apical localization of GM1 during 
development. Further studies including live cell confocal imaging of GFP-tagged fusion 
proteins such as CAV1 or clathrin along with CTB staining would allow for the 
observation of these endocytic pathways at the plasma membrane in live cells. Clathrin- 
and caveolin-independent GM1 endocytosis in tissue culture cells has been shown to be 
susceptible to cholesterol depletion (Kirkham and Parton, 2005). While we have had 
mixed results using methyl-β-cyclodextrin in sea urchin embryos, it may be possible to 
deplete cholesterol using this compound and observe its effect on lipid raft endocytosis. 
The pathway by which lipid rafts are endocytosed remains unclear and further studies 
investigating this mode of endocytosis in sea urchin embryos would shed light on this 
subject.  
  Interestingly, FRAP experiments revealed that CTB-labeled lipid rafts remain 
immobile during mitosis, which appears to contradict observations of raft movement 
during cytokinesis (Figure 2.2.1) (Ng, et al., 2005; Alford, et al., 2009). Unfortunately, it 
was not possible to perform reliable FRAP studies during late mitosis due to the changes 
in cell shape that occur during cytokinesis. Therefore, I imaged embryos stained with 
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488-CTB, taking 20 z-stack images for a high resolution, 4 dimensional view of raft 
dynamics during cell division (Movie 3.2.2.). I found that, while lipid rafts remain 
immobile, there is a bulk movement of the plasma membrane as the cells elongate and 
divide. This movement begins with the addition of new, unlabeled membrane to the cell 
poles during anaphase. This event forces the original cell membrane towards the equator 
of the cell in preparation for furrow ingression (Figures 3.2.1 and 3.2.3). During the later 
stages of cytokinesis, new membrane is added to the tip of the ingressing cleavage furrow 
to complete abscission, at which point the original cell membrane is pushed back 
outwards towards the cell poles (Figure 3.2.3 and Movie 3.2.2) (Shuster and Burgess, 
2002; Ng, et al., 2005; Alford, et al., 2009). Polar new membrane addition has been noted 
in adherent mammalian cells, however it occurs later during division and was attributed 
to cell shape changes during cell spreading (Sanger, et al., 1984; Boucrot and 
Kirchhausen, 2007). Here I find an early, spatially and temporally distinct membrane 
addition event at the cell poles in spherical cells. While the dynamics of the plasma 
membrane during cytokinesis have been studied for over 80 years, these findings 
illuminate how the membrane of a single cell expands to encompass two daughter cells.  
 It was previously believed that polar expansion was solely due to membrane 
stretching at the polar regions (Dan, et al., 1937; Dan, et al., 1938; Ishizaka, 1958). More 
recent studies have focused on the recruitment of vesicles and new membrane to the 
ingressing cleavage furrow during the later stages of cytokinesis, ignoring the polar 
regions entirely (for a review see (McKay and Burgess, 2010; Neto, et al., 2011)). We 
propose a model where new membrane is added to the polar regions during anaphase cell 
elongation via exocytosis of a stored population of vesicles (Figures 3.2.4 and 3.2.9). 
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This event pushes the original, lipid raft containing cell membrane towards the furrow, 
possibly guiding the localization of actin and myosin or signaling molecules to the cell 
equator in preparation for cytokinesis. Future investigations into membrane dynamics 
during cytokinesis would include the live cell tracking of actin filaments (using GFP-
Lifeact) and myosin (using GFP-MRLC) along with CTB staining during cell division to 
observe the movement of these cytoskeletal proteins during polar membrane expansion. 
In addition, it would be interesting to locally apply a cell permeable SNARE inhibitor to 
the polar region during mitosis and ascertain its effects on new membrane addition (see 
Chapters 4.2 and 6.9 for local application methods) (Weimbs, et al., 2003). This would 
show if SNARE-mediated exocytosis is involved in new membrane addition at the poles. 
Further immunofluorescence assays of different vesicle markers would also narrow down 
the types of vesicles shuttled to the cell poles during membrane addition, possibly 
revealing if there are any signaling proteins being preferentially localized to the cell 
poles.  
 In conclusion, I have found that lipid rafts remain immobile during the cell cycle 
in cleavage stage sea urchin embryos. The migration of lipid rafts observed during 
cytokinesis is due to a dramatic movement of the plasma membrane, originating with 
polar membrane expansion during anaphase and culminating with membrane addition at 
the furrow prior to abscission. Polar expansion is due to the addition of new, 
compositionally unique membrane, which forces the original cell membrane towards the 
furrow causing an enrichment of GM1 rafts at the cell equator prior to furrow formation 
(Ng, et al., 2005). This bulk movement of membrane is then reversed as new membrane 
is added to the cleavage furrow at the later stages of cytokinesis. The result is a polarized 
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2 cell blastomere with CTB-labeled lipid rafts at the apical cell surface and a distinct, 
unlabeled basolateral membrane. These findings shed light on the mechanisms behind 
membrane dynamics during cell division as well as the establishment of polarized 
membrane domains in symmetrically dividing spherical cells.  
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Chapter 5. Materials and Methods 
 
5.1. Culturing of Embryos 
 Lytechinus pictus and Strongylocentrotus purpuratus (Marinus, Long Beach, CA) 
were induced to spawn by intercoelomic injection of 0.5M KCl. Eggs were collected in 
artificial sea water (ASW) and swirled twice to expand the jelly coat. Sperm was 
collected dry and diluted 1:1,000 in ASW prior to addition to eggs and eggs were 
fertilized in ASW with ~3 drops of diluted sperm. If the fertilization envelopes were to be 
removed, the eggs were fertilized in 4mM 4-Aminobenzoic acid (PABA) ASW and the 
zygotes were stripped of their envelopes by two passages through 118µm nytex for L. 
pictus or 62µm nytex for S. purpuratus. Fertilized embryos were cultured at 15⁰C with 
rocking in calcium free sea water (CaFSW) or ASW as noted in the text.  
 
5.2. Inhibitor Treatments  
 For FRAP and CTB labeling experiments, embryos were treated with ML-7 
(100µM), H1152 (2.5µM, Alexis Biochemicals), Cytochalasin D (5µg/ml or 10µg/ml), 
Nocodazole (0.01µM), urethane (40mM), or Brefeldin A (BFA, 15µg/ml) directly prior 
to imaging. Actin immunostaining experiments were performed be treating zygotes with 
Blebbistatin (30µM), ML-7 (75µM, Tocris Bioscience), and/or CK666 (100µM, Tocris 
Bioscience) beginning at 20 minutes post-fertilization. All inhibitors were purchased 
from Sigma-Aldrich unless otherwise noted.  
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5.3. Cholera Toxin Labeling 
 At 20 minutes post-fertilization, embryos were labeled with 1µg/ml Alexa 488-
conjugated cholera toxin subunit B (CTB; Life Technologies) in CaFSW for 20 minutes. 
Prior to imaging and drug treatment, the embryos were washed three times with CaFSW. 
For double labeling experiments, embryos were labeled as above with 488-CTB in 
CaFSW for 30 minutes, washed three times with CaFSW, and then labeled with 1µg/ml 
Alexa 555-conjugated CTB. Z-stack images (0.5µm slices for 10µm) were taken on a 
Leica DM I 6000 inverted microscope equipped with the Leica TCSSP5 confocal system 
every 30 seconds through completion of mitosis. Fluorescence intensities were obtained 
using the LAS AF software and analyzed using GraphPad Prism software. Kymographs 
were made of a 28 x 56µm region encompassing the cell pole or equator using 
Metamorph software (Molecular Devices).   
 
5.4. Fluorescence Recovery After Photobleaching  
 Embryos were stained with 488-conjugated CTB as described above. For control 
experiments, 5-dodecanoylaminofluorescein (C12-Fluorescein, 0.5ug/ml; Life 
Technologies) was added to live embryos for 10 minutes. Prior to experiments, the 
embryos were stained with Hoechst (1:10,000 dilution; AnaSpec Inc., San Jose, CA). 
Fluorescence recovery after photobleaching (FRAP) experiments were conducted on a 
Leica DM I 6000 inverted microscope equipped with the Leica TCSSP5 confocal system 
using the FRAP Wizard on the LAS AF software. A region of interest (ROI) of 10µm x 
5µm was bleached and recovery was monitored by time-lapse microscopy over 5 
minutes. The fluorescence recovery was low and therefore analysis did not yield 
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discernible curves from which to obtain t1/2 or mobile fraction data. Therefore, 
fluorescence intensities were analyzed for each time point, and values were normalized as 
previously described (Goodwin and Kenworthy, 2005). The AFI was calculated by taking 
the average of the fluorescence intensity at tmax minus the fluorescence intensity at t0 for 
each embryo. Analysis of FRAP data was performed in Microsoft Excel and GraphPad 
Prism. An unpaired t-test was used to evaluate statistical significance and a p-value of ≤ 
0.05 was considered significant.   
 
5.5. Isolation of Lipid Rafts and Western Blot Analysis 
 L. pictus embryos were grown in CaFSW until the two cell stage. Detergent 
resistant lipid rafts were obtained as previously described (Ng, et al., 2005; Belton Jr, et 
al., 2001). After centrifugation in a sucrose gradient, 1ml fractions were collected from 
the top of the gradient. Based on previous work (Belton Jr, et al., 2001) and dot blot 
analysis (Figure 2.2.4A), it was determined that fractions 3 and 4 contained GM1-
enriched lipid rafts and these fractions were used for Western blot analysis.  
 Dot blots were conducted on gradient fractions 1-4 and cell lysate of L. pictus 
zygotes. For the blots, 5µl of each fraction was spotted onto an Immobilon-P membrane 
(Millipore, Billerica, MA) and allowed to dry overnight. The membrane was rehydrated 
in methanol, rinsed with TBS with 0.1% Tween-20 (TBS-T), and blocked in 5% milk 
TBS-T for 1 hour at room temperature. The blot was then incubated with horseradish 
peroxidase (HRP)-conjugated CTB (1µg/ml, Life Technologies, Grand Island, NY) in 5% 
milk TBS-T for 1 hour at room temperature, and washed three times for 5 minutes with 
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TBS-T. Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) 
and radiography was used to detect the presence CTB binding in the samples.  
 Gradient fractions 3 and 4 were run on a 7% SDS-PAGE gel and transferred to an 
Immobilon-P membrane for western blot analysis. Blots were blocked with 5% non-fat 
dry milk in TBS with 0.1% Tween-20 (TBS-T), and then incubated with a 1:500 dilution 
of rabbit anti-S. purpuratus egg myosin II or mouse anti- chicken gizzard myosin light 
chain kinase (Sigma, M7905) in 5% milk in TBS-T at room temperature for one hour. 
Blots were washed three times with PBS with 0.1% TritonX-100 (PBT) prior to 
incubation with a 1:10,000 dilution of HRP conjugated donkey-anti-rabbit (Amersham 
Bioscience, NA934) in 5% non-fat dry milk in TBS-T for one hour. Blots were washed 
three times in PBT before addition of the HRP substrate as described above.  
 
5.6. Embryo Fixation and Immunostaining 
 Embryos were treated as noted in the text and raised to the desired stage in 
CaFSW or ASW as stated. The embryos were then incubated for 45 minutes in fixation 
buffer (3.2% formaldehyde, 0.125% glutaraldehyde, 0.2M NaH2PO4H2O, 0.136M NaCl). 
Fixed embryos were permeabilized in fixation buffer with 0.1% NP-40 for 20 minutes, 
then incubated with 50mM glycine for 15 minutes and washed three times with PBS. For 
total myosin immunostaining, rabbit-anti-S. purpuratus egg myosin II (1:250) was added 
to the fixed embryos in PBS, 0.1% Triton-X100 (PBT) and rotated overnight at 4°C . The 
embryos were then washed three times for 20 minutes with PBT. Alexa 555 goat anti-
rabbit (Life Technologies) was used at a 1:1000 dilution in PBT for 2 hours and washed 
three times for 20 minutes with PBT prior to imaging. For Rab11 immunostaining, fixed 
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embryos were incubated with rabbit anti-Rab11 (1:100; Abcam, ab3612) in PBT 
overnight at 4⁰C and washed three times for 20 minutes with PBT. Alexa 647 goat anti-
rabbit (Life Technologies) was used at a 1:1000 dilution in PBT for 2 hours and washed 
three times for 20 minutes with PBT. F-actin immunostaining was performed by 
incubating fixed embryos with rhodamine-conjugated phalloidin (1:500 dilution, Life 
Technologies) for at least 30 minutes. The embryos were then washed three times for 10 
minutes with PBT prior to imaging. 
  For immunostaining of clathrin and lipid rafts, embryos were grown in CaFSW 
and labeled with 488-CTB at 20 minutes post-fertilization. During mitosis, embryos were 
fixed in a formaldehyde fixation solution (80mM PIPES, 1M glycerol, 5mM EGTA, 
5mM MgCl2, 3.7% formaldehyde) for 1 hour at room temperature. The embryos were 
then permeabilized in fixation solution + 0.1% NP-40 for 20 minutes, washed three times 
with PBS, and blocked in PBT + 3% BSA for 1 hour at room temperature. 
Immunostaining was performed using a 1:50 dilution of goat anti-clathrin antibody 
(Sigma, C8034) in blocking solution overnight at 4⁰C. The following day, the embryos 
were washed three times with PBT for 15 minutes each and incubated with a 1:1000 
dilution of secondary antibody (Alexa 555-conjugated donkey anti-goat) in blocking 
solution for 2 hours at room temperature. The embryos were then washed three times 
with PBT for 15 minutes prior to imaging. 
  
5.7. Microinjection and Live Cell Fluorescent Labeling  
 In order to observe fluid phase endocytosis, zygotes were stained with 488-CTB 
as described above, adding rhodamine-conjugated dextran (45µg/ml, Life Technologies) 
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for the last 10 minutes of incubation. The embryos were then washed three times with 
CaFSW, resuspended in CaFSW, and imaged using a chamber slide (Ettensohn, et al., 
2004).  
 For F-actin imaging in live cells, we used the actin binding probe Lifeact, a 
generous gift from Dr. Roland Wedlich-Soeldner (Riedl, et al., 2008). Lifeact-mEGFP 
(referred to in the text as Lifeact-GFP) was isolated and amplified from the pEGFP-N1 
mammalian expression vector and TOPO cloned into the bacterial expression vector 
pEXP5-CT (Life Technologies). Proper insertion of the fusion protein sequence was 
verified by restriction digestion and sequencing. Escherichia coli cells were then 
transformed with the pEXP5-CT-Lifeact-GFP plasmid, and expression was induced with 
1mM IPTG for 4 hours at 37⁰C. His-tagged Lifeact-GFP was purified using affinity 
chromatography. Purified Lifeact-GFP was then diluted to 2mg/ml in injection buffer 
(10mM HEPES, 150mM aspartic acid, pH 7.2). Lifeact-GFP was then microinjected into 
zygotes cultured in ASW (Ettensohn, et al., 2004) using a Picospritzer III at 40psi with 
10msec injections. F-actin was seen localizing at the cell cortex as expected (Figure 
2.2.6) and cells divided normally (data not shown), showing that Lifeact did not inhibit F-
actin function.  
 
5.8. Combretastatin A-4 Experiments 
 Eggs were fertilized and the fertilization envelopes removed as described above 
and all experiments were performed with embryos growing in ASW at 15⁰C. Zygotes and 
2 cell stage embryos in S phase were treated with 10µM caged Combretastatin A-4 (O-
[4,5-dimethoxy-2-nitrobenzyl]-2-methoxy-5-[(Z)-2-(3,4,5 
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trimethoxyphenyl)ethenyl]phenol, generous gift from Tim Mitchison, Harvard Medical 
School (Wühr, et al., 2010), prior to imaging. DIC images were taken every 1 minute for 
30 minutes during S phase using a Leica DM I 6000 inverted microscope equipped with 
the Leica TCSSP5 confocal system. The Combretastatin A-4 was uncaged in a ROI by 
illumination with the 405 diode laser throughout the time-lapse. Control experiments 
were performed as described above without addition of the caged Combretastatin 4A 
molecule. The nuclei were tracked using the Track Points function in Metamorph 
imaging software and the resulting velocity values were evaluated using GraphPad Prism. 
Unpaired t-tests were used to evaluate statistical significance and a p-value of ≤ 0.05 was 
considered significant. 
  
5.9. Local Drug Application 
 Local drug application studies were conducted as previously described 
(Strickland, 2006). Rhodamine dextran (0.45mg/ml, Life Technologies, Grand Island, 
NY) and myristolated protein kinase C zeta peptide inhibitor (4µM, Enzo Life Sciences, 
Farmingdale, NY) were added to 1ml of 1% agarose, which was maintained at 60⁰C. 
Glass capillary needles were pulled using a Narishige single stage glass microelectrode 
puller at a setting of 80.6, and manually broken by pulling straight down leaving a flat 
round opening about 10-20µm in diameter. The needles were filled with the 1% agarose 
drug solution using capillary action.  
 L. pictus eggs were fertilized and stripped in 4mM PABA ASW as described 
above. Prior to entry into mitosis, zygotes were stained with Hoechst (1:10,000, AnaSpec 
Inc., San Jose, CA) for 20 minutes to observe chromosomes. Embryos were put on the 
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microscope in a chamber prior to mitosis and the drug was applied be local touching of 
the needle to either the cell pole or equator for 5 minutes at metaphase. Images were 
taken every 20 seconds for 20 minutes using a Nikon TE2000 inverted microscope with a 
Yokogawa spinning disk head controlled by Metamorph software. Furrow ingression was 
analyzed by manually tracking the innermost point of the cleavage furrow using the track 
points function on the Metamorph software, and the resulting values were analyzed in 
Excel.  
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Appendix 1. Nuclear Anchoring in Cleavage Stage Sea Urchin Embryos 
 
A1.1. Introduction 
 Proper positioning and anchoring of the nucleus is essential for many cell 
processes such as pronuclear fusion upon fertilization, embryo development, cell 
migration, and cell polarity. Disruption of proteins involved in nuclear anchoring has 
been identified as playing a role in cancer, laminopathies, and neurodegenerative diseases 
(for review see (Dupin and Etienne-Manneville, 2011). The nucleus is linked to the 
cytoskeleton of the cell, which allows for its movement and maintenance at the proper 
location. Recent studies have shown that actin is involved in nuclear positioning in 
certain cell types. The actin cytoskeleton is linked to the nuclear envelope via the LINC 
(Linker of Nucleoskeleton and Cytoskeleton) complex, composed of nuclear lamins, 
SUN (Sad1p, UNC-84 homolgy) proteins, and KASH domain proteins such as nesprins 
(Crisp, et al., 2006). The SUN proteins span the inner nuclear membrane, attaching lamin 
inside the nucleus to nesprin (via its KASH domain) inside in the perinuclear space. 
Nesprin is a transmembrane protein imbedded in the outer nuclear membrane, which 
attaches to actin in the cytoplasm (Crisp, et al., 2006). Active nuclear movement by 
association with the actin cytoskeleton has been seen in a variety of organisms including 
Arabidopsis, C. elegans, and mammalian cells (Chytilova, et al., 2000; Malone, et al., 
1999; Mattioli, et al., 2011; Zhang, et al., 2010; Starr and Han, 2003).     
 It has long been known that MTs, and their associated minus-end directed motor 
dynein, are involved in the positioning of the nucleus and the mitotic asters. Upon 
fertilization, migration of the male and female pronuclei is necessary for pronuclear 
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fusion and creation of a viable zygote. In echinoderm embryos, MTs originating from the 
sperm aster move both the egg and sperm pronucleus to the center of the egg for fusion 
(Bestor and Schatten, 1981). Depolymerization of microtubules in later stage zygotes 
inhibits nuclear centering when cells are forced into molds of different shapes, suggesting 
that MTs are also involved in maintenance of the nucleus at the center of the cell (Minc, 
et al., 2011). Synthetic nuclei have also been shown to tract along MTs in vitro, and this 
movement was shown to be dependent on dynein (Reinsch and Karsenti, 1997). In 
zebrafish embryos, proper positioning of the centrosomes is dependent on the interaction 
of dynein with dynactin, suggesting that the centrosomes are oriented by pulling forces 
(Wühr, et al., 2010). Interestingly, the centrosomes are positioned early in mitosis, before 
astral MTs reach the cell cortex. Therefore it is believed that there are dynein/dynactin 
anchors in the cytoplasm involved in generating the necessary pulling forces (Wühr, et 
al., 2010).  
 There are two main models explaining MT-mediated anchoring of the nucleus at 
the center of the cell. The first is termed microtubule polymerization forces. In this model 
as MTs grow, the ends encounter and apply pushing forces against the cell cortex, forcing 
the nucleus away from the plasma membrane towards the center of the cell (Figure 4.1.1 
A, a). The second model, denoted as length dependent forces, involves minus-end 
directed MT motors that are anchored within the cytoplasm. The level of force is then 
dependent on the length of the MT since a longer MT will have more motors attached to 
it (Figure 4.1.1 A, b). As the motors are held stationary within the cytoplasm, they would 
walk along the MT and move the MT towards its plus end, causing longer MTs to move 
more than shorter ones. This would then move the microtubule organizing center 
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(MTOC) and the nucleus away from the cortex (the side with shorter MTs) and towards 
the center of the cell (the side with longer MTs) (Figure 4.1.1 A, b). In both of these 
models, once the nucleus has reached the center of the cell, the forces would be equal and 
the nucleus would remain stationary.  
 Here I tested these two models using a caged version of Combretastatin A-4 
(ComA-4), a potent MT depolymerizating agent first isolated from the tree Combretum 
caffrum (Figure 4.1.2) (Lin, et al., 1988). Preliminary results show that depolymerization 
of MTs in a wide area including the cell cortex causes displacement of the nucleus away 
from the area of ComA-4 activation. These data indicate that length-dependent forces of 
MT-associated molecular motors as well as contact between MTs and the cell cortex are 
involved in the localization and stabilization of the interphase nucleus in the center of the 
Lytechinus pictus zygote.  
  
A1.2. Results  
The goal of these experiments was to depolymerize MTs in different areas of the 
cell using a caged, photoactivatable version of the small molecule Combretastatin 4A 
(Figure 4.1.2) and observe any changes in the localization of the nucleus. The caging 
process allows the molecule to remain inert until released by certain wavelengths of light, 
in this case 405nm. The controlled activation of this drug allows us to spatially and 
temporally control the depolymerization of MTs in our cells to ascertain which MTs are 
involved in nuclear positioning and what pulling or pushing forces are acting on the 
nucleus during interphase. During S phase, the nucleus in a sea urchin zygote is centered 
in the cell and populations of MTs on all sides of the nucleus are in contact with the 
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cortex. In this case, the polymerization forces model would predict that the nucleus 
should move towards the area of MT disruption as the pushing forces would become 
unequal and remaining MTs pushing against the cortex would move the nucleus towards 
the area of ComA-4 activation. On the other hand, according to the length-dependent 
forces model, the nucleus should migrate away from the ComA-4 activated area, as this 
would be the direction of the longest MTs after depolymerization by uncaged ComA-4 
(Figure 4.1.1 B , b). I used activation of ComA-4 in specific regions of interest (ROIs) in 
order to ascertain the mechanism by which MTs anchor the nucleus in interphase L. 
pictus cleavage stage embryos.  
I first performed ComA-4 uncaging experiments using large areas encompassing 
almost 75% of the cell to ensure that enough MTs were disrupted to observe nuclear 
movement. In this experiment, 2 ROIs of 50x110µm placed in an L shape around two 
sides of the nucleus were exposed to 405nm light in order to uncage and activate ComA-
4, thus depolymerizing the MTs in those regions (Figure 4.1.3A). The cells were imaged 
using DIC and the 405 laser in the ROIs every 1 minute for 30 minutes. In these zygotes, 
the nucleus moved away from the activated regions at an average speed of 
1.36±0.12µm/min (Figure 4.1.3A). The nucleus in control cells (treated with DMSO only 
and exposed to a 405nm light) moved significantly less, at a speed of 0.78±0.1µm/min 
(Figure 4.1.3A).  These results show that depolymerization of MTs occurred in the 
regions on ComA-4 activation and that, according to the models described above (Figure 
4.1.1), the nuclei in these cells appears to be positioned by length-dependent forces of 
MT motors.  
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In order to determine if nuclear localization was dependent on MT interaction 
with the cell cortex, the ROIs were made smaller, covering areas of the cell cortex. When 
ComA-4 was uncaged on two sides of the nucleus at the edge of the cell, the nucleus 
moved away from the activated region as seen in the previous experiments using large 
ROIs (Figure 4.1.3B). The nucleus moved at a rate of 1.36±0.26µm/min, significantly 
more than control cells which moved at 0.48±0.1µm/min (Figure 4.1.3B). These results 
suggest that the interaction between MTs and the cell cortex is necessary for proper 
nuclear positioning. In addition, a large area of MTs must be disrupted in order to cause 
mislocalization of the nucleus, indicating that there is a large population of MTs involved 
in maintaining a centered nucleus distributed throughout the cell.  
 I next wanted to ascertain if depolymerization of MTs in the cytoplasm would 
also cause nuclear migration. In zygotic embryos ComA-4 was uncaged in a 2x100µm 
area bisecting the cell near one side of the nucleus and the cells were imaged as 
previously described. No nuclear movement was observed in these cells (Figure 4.1.3 C). 
Interestingly, in control zygotes the nucleus moved significantly more than in activated 
zygotes (0.53±0.07µm/min and 0.29±0.04µm/min respectively, Figure 4.1.3C). It is 
possible that nuclear positioning is a constant process, with MTs slightly adjusting 
nuclear localization throughout interphase, therefore when one set of MTs is disrupted 
these minute movements are decreased even while the nucleus seems to remain centered. 
In two cell stage blastomeres, there was no difference in nuclear movement between 
control cells (treated with DMSO only and exposed to a 405nm light), unactivated control 
cells (treated with caged ComA-4, but was not exposed to the 405nm light), and the 
activated cell (data not shown). The nucleus in the activated cell moved an average of 
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397.3±66nm/min, while in the unactivated and control cells the nuclei moved an average 
of 576±88.5nm/min and 335.6±81.7nm/min respectively. While nuclei in untreated two 
cell stage embryos migrate towards the basolateral cell surface prior to entering mitosis, 
no abnormal directional migration of the nucleus was observed upon MT 
depolymerization in a small ROI.  These results suggest that depolymerization of MTs on 
one side of the nucleus does not destabilize the nucleus in the center of the cell, and that 
the MT attachments still remaining provide enough force to maintain the correct, 
centered position.  
 
A1.3. Discussion 
It is becoming increasingly apparent that proper positioning of the nucleus in a 
cell or syncytium is necessary for development and cell function. Mutations that cause 
mislocalization of the nucleus have been implicated in a variety of diseases including 
cancer, Emery-Dreifuss muscular dystrophy, and neurodegeneration (Bonne, et al., 2003; 
Gros-Louis, et al., 2006; Konishi and Morson, 1982). Here I find that MTs are essential 
to the positioning of the nucleus in the center of L. pictus zygotes. The MTs position the 
nucleus using forces generated by motor proteins at the cell cortex and the strength of 
these forces is dependent on the length of the MTs involved.  
The use of caged, photoactivatable ComA-4 (Figure 4.1.2) allowed for precise 
control of MT depolymerization both spatially and temporally, unlike using drugs such as 
nocodazole, which are cell permeable and when added to the sea water effect all the MTs 
in every cell. I found that localized disruption of MTs in large areas encompassing two 
adjacent sides of the nucleus cause aberrant migration of nucleus to the opposite side of 
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the zygote (Figure 4.1.3A). A comparison of these results to the models proposed by 
Reinsch and Gönczy (Reinsch and Gonczy, 1998) (Figure 4.1.1) suggests that the nucleus 
is positioned in the center of the zygote by pulling forces of MT-associated molecular 
motors. Seemingly contrary to the length-dependent model however, is my finding that 
disruption of MTs at the cell cortex, but not in the cytoplasm, caused the nucleus to 
become mislocalized. While two activated regions at the cell cortex caused nuclear 
migration, a single activated region at the cortex only caused slight nuclear movement 
(Figure 4.1.3B, data not shown). This may be due to the presence of uninhibited MTs still 
contacting the cell cortex, which maintain enough pulling forces in different directions to 
keep the nucleus centered. This may also be the reason why no nuclear movement was 
observed in cells when a long, thin region of the cytoplasm is activated (Figure 4.1.3C). 
Further experiments using two ROIs at the cell cortex and in the cytoplasm will help to 
elucidate the area of MT-associated forces necessary to maintain proper nuclear 
localization in these cells.  
The next step in this project would be to investigate the role of MT motors in 
nuclear movement and positioning in the sea urchin zygote. Previous studies have shown 
that the minus-end directed MT motor dynein, as well as the plus-end motor kinesin are 
necessary for proper nuclear localization in a variety of cell types. In the budding yeast 
Saccharomyces cerevisiae, proper positioning of the nucleus at the mother-bud neck by 
both kinesins and dynein is necessary for cell division (Cottingham and Hoyt, 1997; 
Morris, 2003). In addition, this movement of the nucleus to the bud neck is dependent on 
the interaction of MTs with the cell cortex (Adames and Cooper, 2000). In amphibian and 
zebrafish embryos, dynein dependent localization of the interphase nucleus has been 
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implicated in the establishment of mitotic spindle orientation for later cell divisions; 
however, MT attachments to the cell cortex were not necessary in these cells (Wühr, et 
al., 2010). Future experiments using the dynein inhibitor EHNA (erythro-9-[3-(2-
hydroxynonyl)] adenine) and the Eg5 kinesin inhibitor Monastrol will shed light on the 
role of these motors in nuclear positioning in L. pictus embryos.  
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Figure A1.1. Models of microtubule dependent nuclear positioning. In these figures, 
the nucleus is represented by a large, grey circle, the MTs are black lines, small, black 
dots are tubulin monomers, and Y-shaped molecules are minus-end directed motor 
proteins. A) Models of nuclear positioning involving MTs and MT-associated motors 
(adapted from Reinsch and Gönczy, 1998). a) Pushing forces caused by polymerization 
of MTs at the cell cortex cause the nucleus to move toward the center of the cell. Once 
the MTs on all sides of the nucleus have reached the cortex, the nucleus is held in 
position by equal opposing pushing forces. b) MT-associated molecular motors are 
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maintained at a uniform concentration throughout the cell, and thus longer MTs have 
more motors attached to them than shorter MTs. The nucleus is moved along the 
microtubule due to the increased force of these motors on the longer MTs. Once the MTs 
on all sides of the nucleus have reached similar lengths and therefore have equal numbers 
of motors generating force, the nucleus will remain anchored in position. B) 
Experimental design for testing the above models (adapted from Reinsch and Gönczy, 
1998). The grey oval represents an area of MT severing. a) If polymerization forces are 
responsible for the anchoring of the nucleus in the center of the cell, depolymerization of 
MTs on one side of the cell at the cortex would cause the nucleus to remain stationary if 
the remaining MTs are not connected to the cortex. b) Depolymerization of MTs at the 
cell cortex on one side of the nucleus should cause the cell to dramatically shift away 
from the area of depolymerization if length-dependent forces are anchoring the nucleus.  
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Figure A1.2. Caged Combretastatin A-4. The chemical structure of caged (left) and 
uncaged (right) ComA-4. ComA-4 is uncaged upon exposure to UV light (405nm λ). 
(Adapted from Wühr, et al. 2010.) 
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Figure A1.3. Nuclear positioning upon microtubule depolymerization. Zygotes were 
treated with caged ComA-4 and DIC images were taken every 1 minute for 30 minutes to 
observe nuclear positioning (see Chapter 6.8). Microtubules were depolymerized by 
localized activation of ComA-4 by uncaging the molecule with 405nm light, seen as 
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bright regions in the images. Control embryos were treated with DMSO and imaged in 
the same manner as ComA-4 treated embryos. Circles 1 (green), 2 (red), and 3 (blue) 
represent the localization of the nucleus at timepoints 0, 15, and 30 min. after uncaging, 
respectively. A) Two overlapping ROIs of 50x110µm were activated and the nucleus was 
tracked over time.  The nucleus moves away from the region of depolymerized MTs. B) 
Two overlapping ROIs of 20x100µm at the cell cortex were activated and nuclear 
localization was observed.  The nucleus moved away from the activated regions, similar 
to results seen above (A). C) No effect on nuclear positioning was seen in cells where 
MTs were depolymerized in a small 2x100µm region of the cytoplasm. Scale bars 
represent 25µm. 
 
 
 
 
 
 
 
 
 
 
 
 
111 
 
Appendix 2. Atypical protein kinase C activity at the cell equator is necessary for 
cleavage furrow invagination. 
 
A2.1. Introduction 
The establishment of cell polarity involves the asymmetric localization of 
membrane microdomains as well as cytoplasmic and cortically associated proteins. The 
specific localization of these molecules is involved in vital cellular processes such as 
migration, division, and cellularization. The PAR (partition-defective) proteins were first 
discovered in Caenorhabditis elegans during a screen for early embryos exhibiting 
defective cleavage patterns (Kemphues, et al., 1988). This screen revealed four genes, 
par-1, par-2, par-3, and par-4, which when mutated results in atypical symmetric first 
cleavage, incorrect spindle orientation, and synchronous early cleavages (Kemphues, et 
al., 1988). Since this initial study, the PAR proteins have been found to be evolutionarily 
conserved and involved in the establishment of cell polarity in a variety of cell types 
(Figure 4.2.1). In C. elegans, the PAR complex, comprised of PAR-6, PAR-3, and 
atypical protein kinase C, is localized to the anterior cell cortex of the zygote prior to the 
asymmetric first cleavage, and this localization is maintained by exclusion from the 
posterior cortex by PAR-1 and PAR-2 (Cowan and Hyman, 2004). In the Drosophila egg, 
a similar distribution of PAR proteins is observed; however, PAR-2 appears to be specific 
to C. elegans as no homologs have been discovered in other organisms (for a 
comprehensive review see (Pellettieri and Seydoux, 2002). The PAR proteins are also 
polarized in both mammalian and Drosophila epithelial cells, with the PAR-aPKC 
complex along with adherens/tight junctions at the apical cell cortex and PAR-1 at the 
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basal cell cortex (Izumi, et al., 1998; Wodarz, et al., 2000). In epithelial cells, the PAR 
complex is recruited to the future site of adherens junctions and is necessary for their 
formation into belt-like adherens junctions and tight junctions (Suzuki, et al., 2001; 
Mizuno, et al., 2003; Suzuki, et al., 2002). The activity of aPKC, in particular, is 
necessary for the proper localization of PAR-3 to the site of tight junctions as well as 
tight junction formation in polarizing mammalian epithelial cells (Suzuki, et al., 2001; 
Suzuki, et al., 2002).  
Atypical protein kinase C (aPKC) is a serine/threonine kinase that interacts with 
PAR-3 via its kinase domain, and this interaction is regulated by PAR-3 phosphorylation 
by aPKC (Izumi, et al., 1998). A stable interaction between PAR-6 and aPKC is 
accomplished through their N-terminal domains (Suzuki, et al., 2001). The PAR complex 
has been shown to interact with the cytoskeleton for proper localization. The cytoskeletal 
protein Lethal giant larvae (Lgl), which associates with myosin II, interacts directly with 
the C-terminal PDZ domain of PAR-6 and can be phosphorylated by aPKC (Betschinger, 
et al., 2003; Yamanaka, et al., 2003). In Drosophila neuroblasts, phosphorylation by 
aPKC causes the inhibition of Lgl, allowing for myosin II cortical contraction, which 
leads to proper neuronal polarization (Betschinger, et al., 2003; Barros, et al., 2003; 
Betschinger and Knoblich, 2004).  
In addition to activating myosin II filament contraction, aPKC is known to be 
involved in microtubule dynamics leading to cell migration and asymmetric cell division. 
Overexpression or the expression of a kinase dead mutant of PKCζ inhibits the 
reorientation of the microtubules organizing center (MTOC) during astrocyte wound 
healing (Etienne-Manneville and Hall, 2001; Gomes, et al., 2005). In the C. elegans 
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zygote, the spindle migrates to toward the posterior pole during mitosis, establishing an 
off-center cleavage plane. This spindle localization is tightly controlled and is required 
for proper asymmetric division. Knockdown of aPKC leads to abnormal symmetric cell 
division in these embryos due to a decrease in dynein pulling forces on MTs at the cell 
cortex (Galli, et al., 2011). The stability of anterior MTs at the cell cortex is also 
dependent on PAR-3, possibly through its interaction with aPKC (Labbé, et al., 2003).  
Previous studies from our lab have shown that PAR-6 and aPKC exhibit polarized 
localization beginning at the 2 cell stage in sea urchin embryos (Alford, et al., 2009). This 
is interesting because these proteins become localized to the apical cell cortex well before 
the first asymmetric cell division at the 8 to 16 cell stage division. In addition, aPKC was 
found to accumulate at the cleavage furrow during cytokinesis (Alford, et al., 2009). 
Inhibition of aPKC during early cleavage stages using a pseudosubstrate peptide inhibitor 
of PKCζ, an isoform of aPKC, causes defects in spindle orientation and abnormal 
asymmetric cell divisions resulting in a disorganized mass of cells (Alford, et al., 2009). 
Here I investigated the role of aPKC at the cleavage furrow using local application of a 
cell permeable PKCζ inhibitor during mitosis. I find that inhibition of aPKC at the site of 
cleavage furrow formation (referred to as the cell equator) during metaphase causes a 
delay in furrow ingression. These results suggest that aPKC activity is necessary early in 
mitosis for proper cleavage furrow invagination.  
 
A2.2. Results 
Previous work from our lab shows that aPKC is enriched at the cleavage furrow 
during cytokinesis (Alford, et al., 2009). In addition, embryos treated with a peptide 
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inhibitor of PKCζ showed defects in symmetric cell division, suggesting that aPKC 
activity is necessary for positioning of the cleavage plane (Alford, et al., 2009). In order 
to investigate the role of aPKC at the cleavage furrow, I locally applied a pseudosubstrate 
PKCζ peptide inhibitor, which is myristolated at the N-terminus to allow for cell 
permeability. The aPKC inhibitor was applied to either the cell pole or equator of 
cleavage stage L. pictus cleavage stage embryos for 5 minutes using a microneedle filled 
with agarose as well as rhodamine labeled dextran (Figure 4.2.2, left panels). The agarose 
allows for controlled release of the drug as well as the rhodamine dextran, which was 
used as a marker for drug application. Application of the inhibitor during late metaphase 
or anaphase showed no affect on cytokinesis (data not shown); however, application at 
the beginning of metaphase at the cell equator leads to a delay in furrow ingression on the 
side of drug application (Figure 4.2.2 A, n=3). Compared to the untreated partner 
blastomere, inhibition of aPKC at the equator causes a 3 minute delay in mitosis and the 
invagination of the cleavage furrow during cytokinesis. This delay does not affect the 
completion of cytokinesis, as the furrow of the untreated side will continue to ingress, 
passing the center of the cell, and meeting up with the delayed furrow (Figure 4.2.2 A). 
On the other hand, local inhibition of aPKC at the cell pole during metaphase has no 
effect on cell division (Figure 4.2.2 B, n=7). These results suggest that accumulation of 
aPKC at the cleavage furrow during mitosis is necessary for furrow ingression.   
 
A2.3. Discussion 
Preliminary data shown here suggest that aPKC activity at the site of furrow 
ingression is necessary during early metaphase for the progression of mitosis and 
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cleavage furrow ingression. Localized inhibition of aPKC using a peptide inhibitor 
specific for PKCζ at the cell equator resulted in a delay of mitosis and cytokinesis (Figure 
4.2.2A). This delay was only observed when the aPKC was inhibited at the start of 
metaphase. Inhibition of aPKC prior to metaphase or during the metaphase/anaphase 
transition did not cause a delay in mitosis or cytokinesis. Similar inhibition of PKCζ at 
the cell pole showed no adverse effects on cell division.  
The PAR complex is known to play an import role in the establishment of polarity 
in the C.elegans zygote. Atypical PKC is necessary for proper positioning of the mitotic 
spindle, leading to the normal asymmetric first cell division in these embryos (Cowan and 
Hyman, 2004; Wu, et al., 1998). The role of PAR protein localization in the 
symmetrically dividing cleavage stage sea urchin embryo remains unclear (Alford, et al., 
2009). The fact that inhibition of aPKC at the cell pole during mitosis does not affect cell 
division suggests that aPKC and the PAR complex is not necessary for proper cell 
division in early sea urchin embryos. While the cleavage furrow was delayed upon 
equatorial inhibition of aPKC, the location of the cleavage plane remained unaffected and 
the embryos were able to complete normal symmetrical division. This is interesting due 
to the fact that previous experiments from our lab have shown that global aPKC 
inhibition leads to abnormal asymmetric division (Alford, et al., 2009). While both 
previous experiments and the ones shown here used the same concentration of aPKC 
inhibitor, this discrepancy may be due to a lower dosage reaching the cell due to the 
localized method of drug application.  
Atypical PKC has been shown to be overexpressed and mislocalized in both 
ovarian and breast cancer cells (Eder, et al., 2005; Kojima, et al., 2008). Since it has been 
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shown that overexpression of aPKC leads to an increase in cyclin E levels (Eder, et al., 
2005), it is possible that the inhibition of aPKC leads to mitotic delay by affecting cyclin 
levels. Further investigations into the levels of later stage cyclins, such as cyclin B, upon 
aPKC inhibitor treatment may clarify the mechanisms behind aPKC activity during cell 
division. 
There is evidence that PAR-3 is able to amplify the contractility of nonmuscle 
myosin II during the establishment of anterior-posterior polarity via cortical flow in 
C.elegans zygotes (Munro, et al., 2004). While we did not directly inhibit PAR-3, 
inhibition of aPKC may lead to dissociation of the PAR complex at the cell equator, 
leading to a decrease in myosin filament contraction of the cytokinetic ring. Another 
possibility is that inhibition of aPKC leads to the destabilization of MTs at the cell 
equator, thus delaying the relaying of contractile signals to the site of the future cleavage 
furrow (Galli, et al., 2011; Labbé, et al., 2003) (see Chapter 1.2.2 for a discussion of the 
equatorial stimulation model of cell division).  
Future experiments would include live cell imaging of myosin, MTs, and actin 
during these local application studies. This would allow for the observation of 
cytoskeletal components during cell division in real time during and after the application 
of the aPKC inhibitor. In addition, co-immunoprecipitation of aPKC in dividing embryos 
and probing for nonmuscle myosin II, tubulin, and actin would be informative. The 
results of this experiment may provide insight into whether aPKC is directly interacting 
with any of the cytoskeletal components discussed above. It would also be interesting to 
develop GFP-tagged PAR-6, PAR-3, and aPKC proteins for use in sea urchin embryos. 
This would allow for the observation of the localization of other members of the PAR 
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complex during aPKC inhibition, as well as to see if aPKC inhibition leads to aPKC 
mislocalization. Further investigation into the role aPKC plays in the sea urchin embryo 
will help to increase our understanding of the role this kinase plays in symmetrical cell 
division.  
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Figure A2.1. Embryonic and epithelial localization of PAR proteins. Polarized 
localization of PAR proteins is evolutionarily conserved. A) The PAR-aPKC complex 
(shown in red) is localized to the anterior cortex in the C. elegans zygote. PAR-1 and 
PAR-2 (shown in blue) localizes to the posterior cortex due to exclusion by the activity of 
aPKC in the anterior. B) Similar localization of PAR-aPKC complex and PAR-1 is seen 
in the Drosophila oocyte. C) In the Drosophila blastoderm epithelium, the PAR-aPKC 
complex is polarized to the apical cell surface. D) In mammalian cells, PAR-aPKC is 
localized to the apical cell surface and tight junctions, with PAR-1 polarized to the basal 
cell surface. (Adapted from Suzuki and Ohno, 2006.) 
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Figure A2.2. Inhibition of aPKC at the cell equator causes a delay in cleavage 
furrow ingression. A myristolated PKCζ peptide inhibitor was locally applied to 
blastomeres of L. pictus 2 cell stage embryos (see Chapter 6.9). Images were taken using 
DIC (top panels) to observe the cleavage furrow as well as UV light (bottom panels) to 
observe DNA. A) Local application of the aPKC inhibitor to the cell equator for 5 
minutes at metaphase caused a delay in mitosis leading to a 3 minute delay in furrow 
ingression. B) Local application to the cell pole at metaphase had no effect on cell 
division. Scale bar is 50µm. 
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